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Abstract 
 
This dissertation is written as a part of the MSc in Energy Systems from the School of 
Science and Technology at the International Hellenic University, Thessaloniki, Greece.  
 
Renewable energy and especially solar energy is getting more and more important 
worldwide. Day by day photovoltaic systems are consisting of larger amount of serially 
interconnected solar panels to cover energy demands and consequently because of the 
panels are exposed to high potentials compared to the ground, High Voltage Stress (HVS) 
occur. System’s exposure to an external potential causes two kinds of power degradation 
namely; Reversible (Polarization) and Irreversible (Electro corrosion). In principle, HVS 
results small amount of leakage current. Although leakage current or PID phenomenon is 
still not clearly understandable with recent researches, it is understandable that the 
accelerator of this PID effect is combination of humidity and high temperature along with 
the exposure of negative voltage. 
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Nomenclature 
 
Symbols 
 
Rs Series Resistance (Ohm)  
Rsh Shunt Resistance (Ohm) 
 
 
Imp Current At Maximum Power Output  (A/cm2) 
Vmp Voltage At Maximum Power Output  (V) 
 Isc Short Circuit Current (mA/ cm2) 
Voc Open Circuit Voltage (V) 
 
 
η Conversion Efficiecny 
λ Wavelength (Meter) 
 
 
v Frequency (sec-1) 
h Plank’s Constant (Jxsec) 
 
 
c Speed of Light (m/s) 
Il Photo Current (A) 
 
 
Xc Capacitive Reactance 
C Capacitance ( Farad ) 
 
 
Csc Space-Charge Capacity (Farad) 
ε Free Space Permittivity 
 ε0 Di-electric Constant 
 Nd Dopant Density 
 
 
Vfb Flat Band Potential (V) 
ω Angular Velocity 
Zt Total Impedance (Ohm) 
 Zos Ohmic Series Impedance (Ohm) 
 ZPE Impedance Of Diffusion And Recombination (Ohm) 
 
 
ZDI Warburg Impedance (Ohm) 
 
 
ZPt Charge Carriage Impedance (Ohm) 
 
 
Gsc Solar Constant (W/m2) 
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Abbreviations 
 
DC Direct Current 
OPV Organic Photovoltaic Cell 
DSSC Dye-Sensitized Solar Cell 
QD Quantum Dot Solar Cell 
ARC Anti-Reflective Coating 
RF Relative Humidity 
PCBM Phenyl-C61-butyric acid methyl ester 
EQE External Quantum Efficiency 
IPCE Incident photon to current efficiency 
DHT Damping Heat Test 
FF Fill Factor 
SR Spectral Response 
ITO Indium Tin Oxide 
PEDOT:PSS Poly(3,4-Ethylenedioxythiophene) Polystyrene Sulfonate 
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P3HT Poly 3-Hexylthiophene 
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1. Introduction 
 World’s energy demand is increasing every year. According to an International Energy 
Agency’s study mean energy use per person increased 6,91% between 2011 and 2015. 
Similar to other renewable energy sources, owing to rapid growth in PV plant deployments 
and dramatic decrease in solar module prices, solar energy is getting more popular year by 
year. Installed photovoltaic capacity was 40,336 MWp in 2010 and it has jumped to 
178,391 MWp in 2014. As we increase power yield from photovoltaic thecnologies, 
investors started to care more about longer life-cycle with stable efficiency, in other words 
“Potential Induced Degradation (PID)” phenomena became very important topic for 
investors who are willing to install photovoltaic farms [1]. 
  Although features that drive PID such as voltage, heat and humidity exist in every PV 
system, not necessarily all systems show power degradation solely, some solar modules 
demonstrate PID which is an undesired property. PID is actually a performance degradation 
in photovoltaic modules, which occurs due to the stray currents. PID effect causes power 
losses up to 30% of total power output. PV modules with either negative or positive voltage 
respective to ground are under threat of PID. Whereas, PV modules with negative voltage 
to the ground are more likely to expose PID in most cases [2]. 
 Some studies are done regarding to PID effect on traditional Si based PV panels. For 
example companies like Solon and Panasonic and organizations like the National 
Renewable Energy Laboratory had reliable research on that topic. But unfortunately studies 
that target to the PID effect in the next generation PV panels are limited. The traditional 
screen-printed silicon solar cell manufacturing has 3 processes, as it is observable from 
Figure-1. 
 
Figure-1 The traditional screen-printed silicon solar cell manufacturing process (a) monocrystalline Si wafer. 
(b) Schematic diagram of screen printed solar cell. (c) six core process of basic screen printed cells. [2] 
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Step 1: Texturing the surface, improving the absorption of incident light.  
Step 2: Thermal diffusion of phosphorus doping in a furnace  
Step 3: Deposition of a silicon nitride antireflection thin-film coating on the surface. 
Step 4: Screen-printing of the back and front surface contacts.  
Step 5: Metallization and co-firing process 
Step 6: Insulation of edges. 
 
1.1 CRYSTALLINE SILICON AND CADMIUM 
TELLURIDE SOLAR MODULES 
 Crystalline silicon solar cells were developed in the 1950s and they are referred as first 
generation, conventional solar cells. Although they are considered as first generation it 
remaines the most common sort of solar cell.  
 Crystalline silicon (c-Si) is a blanket definition of multicrystalline silicon (multi-Si) and 
monocrystalline silicon (mono-Si) solar cells. multi-Si and mono-Si are two the most 
common semiconductor materials used to generate electricity from solar energy. As it is 
illustrated in Figure 1.1.1 epitaxial c-si absorber is placed onto inexpensive substrate such 
as a glass or metal foil [4]. 
 
Figure-1.1.1 Crystal silicon solar cell [4] 
 Cadmium telluride (Cd-Te) is considered as a 2nd generation PV system and is currently 
in use in an industrial level. As it is observable from Figure 1.1.2 amorphous Cd-Te is 
accumulated on Cu or metals. Cd-Te possesses some advantages over first generation cells; 
cadmium telluride semiconductor is a flexible material that can be implemented in very thin 
layers. In addition to that, in places with low sun irradiance and high temperatures CdTe 
panels shows higher efficiency than conventional panels. Also compared to all solar 
technologies, CdTe PV has the lowest carbon footprint, best energy payback time and lowest 
water consumption [5], [6]. 
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Figure 1.1.2: typical CdTe superstrate thin-film PV device [5] 
 
 As it is illustrated in Figure 1.1.2 solar energy penetrate through glass superstrate to 
generate electrical current in the lover layers of the device. Most efficient Cd-Te PV system 
uses that structure and have a 17% efficiency [5]. 
 There are some environmental concerns about Cd-Te cells, Cadmium (Cd) and 
Tellurium (Te) are composition of copper, gold and zinc. Mining of those materials cause 
potential risks to the nature. As an element, Cd is a toxic metal whereas CdTe has the 
ionization energy of 5.9 V, which is relatively high. High ionization energy reduces the risk 
of evaporation and release of elemental Cd into nature. Although this technology is not a 
next generation system, it still needs cost reductions and improvements for cell reliability [6]. 
1.2 OPV (Organic Photovoltaic Cell) 
 Inside of the OPV cell there are some organic materials such as coumarin (C9H6O2), 
indoline (C8H9N) and carbazole (C12H9N). OPV is one sort of polymer solar cell that 
works under the organic electronic principles of light absorption, electron flow and 
electricity generation from solar energy.  
 Organic solar cells are considered to be cost efficient. They have high optical absorption 
coefficient therefore large amount of solar energy can be captured from small amount of 
organic material. Whereas compared to inorganic solar cells they have lower efficiencies, 
lower stability and strength [7]. 
 As it is illustrated in Figure 1.2 typical Organic Photovoltaic device consist of couple of 
layers between two electrodes, which are located on top and bottom, anode and cathode 
respectively.  
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Figure 1.2 typical Organic Photovoltaic device [7] 
 
 Donor and Acceptor semiconducting materials are photoactive materials therefore they 
capture photons from sun to excite electrons to generate electricity within that layers. Holes 
are transported in donor layer whereas electrons flow within acceptor layers. Electrical 
current is generated when the holes and electrons move towards to the anode and cathode 
respectively, these flows occurs both in acceptor and donor layers [8]. 
 
1.3 Dye-Sensitized Solar Cell (DSSC) 
 DSS (dye-sensitized solar cell) consist of two Conductive substrates one on the top and 
the other at the bottom. Also from top to bottom it possess, Titanium dioxide nanoparticles, 
Ruthenium dye, Electrolyte, Seating gasket and Platinum catalyst, as it is observable form 
Figure 1.3. [9]. 
 
Figure 1.3 Typical Dye-sensitized solar cell structure [9] 
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 DSSC is considered as a low-cost thin film solar cell. Dye-sensitized solar cell possesses 
photosensitized anode and electrolyte. Due to its semi-flexible and semi- transparent features 
it provides many opportunities that glass-based systems and many other low cost materials 
cannot provide. 
 On the other hand, it is difficult not to use platinum and ruthenium, which are relatively 
high-cost materials. Also liquid electrolyte does not allow cell to operate under every 
weather conditions. In addition to that, its conversion efficiency is lower than most decent 
thin-film cells but in practice its price to performance ratio is fair enough to deal with 
conventional carbon based electricity generation [9] [10].  
 Ultraviolet radiations cause degradation of dye-sensitized solar cells. Recently, it is 
found that instead of degradation caused by oxidation, “amorphous Spiro-MeOTAD” is the 
main layer that causes major degradation, whereas with a decent barrier which includes UV 
stabilizers, absorbers etc., degradation would decrease at high proportions [11]. 
 
1.4 Quantum Dot Solar Cell (QD) 
 In QD (quantum dot solar cell), quantum dots are responsible for absorbing solar energy. 
QD technology is declared as a successor of bulk materials like silicon, CdTe etc.  Unlike 
bulk materials, in QD devices band gaps are adjustable with altering quantum dots, which 
gives a wider range of operation. Owing to recent developments efficiency of quantum dot 
solar cells is now between 7 to 9 % [12]. 
 As it is observable from Figure 1.4 quantum dot solar cell consist of; anti coating layer, 
quantum dot superlative which corresponds to absorption of solar energy in different 
wavelengths, P and N layer, substrate and back electrode. 
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Figure1.4  QD superlattice (left) and structure of QD solar cell (right) [12] 
 
 QD solar cell can operate all day round whereas conventional silicon cells can operate 
only in visible light and productively works during noon hours. On the other hand, QD cells 
utilize wavelengths from ultraviolet to infrared. Silicon based solar cells cannot utilize over 
50% of available infrared energy, also in recent silicon solar cells approximately 56% power 
loss is expected in the process of converting available solar energy into electricity [13]. 
1.5 Perovskite Solar Cell 
 Perovskite solar cell possess perovskite layer in its structure. Perovskite materials are 
cheap and easy to produce like methylammonium (CH3NH3I) and formamidinium ([R2N-
CH=NR2]+). For the devices that use perovskite materials, solar cell efficiencies have 
increased from 4% to 21% recently. In addition to that, compered to other developments 
this increasment in perovskite efficiency is quite notable. Their high efficiencies and low 
producing costs make perovskite solar cells an appealing technology. It is expected for 
those perovskite modules to start commercial operation in 2 years (in 2017) [14]. 
 As it is observable from Figure 1.5, there are different structures for the charge 
transport improvement and reduction of electron recombination in perovskite solar cells. 
Whereas typically Gold layer, Hole Transport Material, Perovskite, Hole blocking compact 
TiO2, transparent conductive oxide anode and glass protective layer are common layers for 
most of the perovskite solar cells [14]. 
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Figure1.5  Structure of three types of photoanodes in perovskite solar cells [14] 
 
 On the other hand, perovskite solar cells have major problems regarding with stability; 
due to the water-solubility of organic material, a high level of degradation is expected in 
moist environments. Carbon nanotubes are considered as a promising solution for this 
degradation problem [15].  
 
1.6 Study Objective 
 The study objective of this dissertation is to research PID phenomena and its effects 
mostly on next generation solar photovoltaic systems. 
 
1.7 Study Scope 
 Crystalline silicon and cadmium telluride solar modules, organic photovoltaic cells, 
dye-sensitized solar cells, quantum dot solar cells and perovskite solar cells are studied. 
Regarding to these photovoltaic systems following bullets are included in this dissertation. 
• Experimental study to investigate the PID effect  
• Obtaining J-V characteristics 
•  Incident photon-to-current efficiency 
•  Internal Quantum Efficiency 
•  Electrochemical Impedance Spectroscopy results 
There is more information in Chapter 2.9 in order to highlight research purposes.  
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2. Basic OF PID Phenomena 
 Photovoltaic systems and solar parks are consists of serially interconnected solar 
modules. Due to the voltage differences between earth and the solar panel, these solar 
modules deal with high voltage stress problem. In a large scale, voltage difference cause 
severe degradation problems. PV systems are hosting some sort of undesired electrical 
current which is referred as a leakage current, this current occurs due to the electron flow 
from semiconductor material to the solar panel’s frame, also due to the panel’s earthing 
system, generated current flows from frame to the ground that is observable from Figure-2.1. 
Whereas these kind of leakage current based degradation phenomena is not taken into 
consideration in most of the PV sustainability tests. Indeed this degradation principle 
determined by American National Renewable Energy Laboratory [16] [17]. 
 
 
Figure 2.1 structure of solar panel (left), Leakage current (right) [22] 
 
2.1 PID Effect 
 Potential degradation effect is a neoteric definition of one type of power loss in 
photovoltaic systems. Although many commercial companies claims that they solve 
degradation problem, according to many scholars this phenomena is not totally understood 
and therefore claiming a solution for a potential induced degradation is like finding the 
elixir of immortality. Of course, some PV panels have certain certification, which 
illustrates that they possess no major PID effect, and indeed they are valid. Whereas in a 
wider aspect these certificates are issued by testing PV panels under aluminum foil test, in 
this test aluminum is used as a catalyzer conductor and therefore it is called “aluminum foil 
test” [17], [18]. 
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 PV panels are considered as PID-free if they succeed to have initially less than 5% 
power loss at 1000 W/𝑚! aluminum foil test. But certainly in real outdoor conditions 
degradation would be a lot higher than 5% due to the temperature fluctuations, humidity, 
dirt and dust onto the panel’s surface.  Also if we consider that panels are deployed with 5-
10 degrees less inclination, PV systems will not have the chance of cooling as they suppose 
to, also there will be more dust and dirt remained onto the solar panel’s surface due to the 
lower inclination. After all, these problems will increase PID effect roughly 2 times more 
than before [17],[18],[19],[20]. 
 Panel’s potential regarding to ground is key feature for PID and system’s voltage is 
depended on serially interconnected panels, solar irradiation and panel temperature. Also 
earthing scheme of the panels should be carefully understand. Voltage differences possess 
its value regarding to their poles’ grounding type such as, negative, positive or no pole 
being grounded. Difference can be either positively or negatively fixed or not fixed at all. 
Different grounding scheme’s effects on voltage differences are illustrated in Figure 2.2. 
[21],[22]. 
 
Figure 2.2 Different grounding scheme’s effects on voltage difference [22] 
2.2 PID Driving Parameters 
 There is a possibility to limit PID by controlling the parameters that cause degradation, 
after taking cautions for the parameters that cause PID effect which is given in the table 2.1 
[22]. 
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 PID driving parameters can be categorized in four groups, namely; Environment, 
System, Module and Cell level factors [23]. 
2.2.1 Environmental Parameters 
 It has been proven that environmental factors such as humidity and temperature have 
direct negative effect on potential induced degradation, which is in return a result of severe 
loss in power production. There are couple of tests are exist to deter in what level, humidity 
and temperature is effecting degradation. Damping heat test (DHT) and temperature cycling 
test (TCT) are two of them [22],[23]. 
 It is observable from Figure 2.3 that after temperature increase from 25 ℃ to 85 ℃, 
degradation increases rapidly [23]. 
 
Figure 2.3 Rise in environment temperature will result higher PID [23] 
 
 Similar to the temperature, increase in humidity from 20% to 85% will cause severe 
potential induced degradation problems as it is illustrated in Figure 2.4. [23]. 
Table 2.1 Potentially induced degradation analyzation from different perspectives 
Test Parameters 
that effects PID 
System Level 
Parameters that 
effects PID 
Module Level 
Parameters that 
effects PID 
Cell Level 
Parameters that 
effects PID 
Voltage 
(up to 1000V) 
Module Voltage 
 
Module Design 
 
Anti Reflection 
coating layer 
Humitidy 
 
Module 
Allocation 
Ethylene vinyl acetate 
cover 
Depth of emitter 
 
Temperature Grounding type Front Glass Sheet 
Doping type at 
base 
Grounding 
 
Back Sheet 
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Figure 2.4 Humidity effects PID proportionally. ( Y axis corresponds power degradation rate in 
percentage, X axis corresponds different photovoltaic technologies) [23] 
 
2.2.2 Module Parameters 
 Also materials that are used within modules are affecting PID phenomena, following 
four parameters; front sheet, encapsulate material, back sheet and module (frame, mounting 
etc.) design are considered as a main PID drivers [23] [24]. 
 As it is illustrated at Figure 2.5 different encapsulate materials cause different amount of 
PID. 
 
Figure 2.5 different encapsulant materials exhibit different PID performance [23] 
 
2.2.3 Cell Parameters 
 Anti reflective coating, emitter depth and type of base doping are three major parameters 
that affect PID in the cell level. Implementing Anti-reflection coating (ARC) layer to the 
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solar cell will cause higher amount of incident light to be absorbed and that means efficiency 
increase in the solar cell. In addition to that movement of the sodium ions from glass sheet 
will cause negative degradation effect [24] [25]. 
 
2.3 Leakage Current 
 Due to the fact that there is a gap between module layer and semiconductor material, 
Voltage bias occurs and cause leakage current in a proportion of  nA-µA levels. Although 
this current seems quite low to damage any system, it should be seriously taken into 
consideration for the possible solution of potential induced degradation phenomena. Typical 
thin film solar module’s sectional leakage currents are illustrated in Figure 2.6 [25].  
Figure 2.6 Film PV module scheme, illustrating the leakage current paths I1, I2, I3, I4 [25] 
 
 According to National Renewable Energy Laboratory, c-Si, pc-Si (bulk Si), and tandem-
junction and multi-junction a-Si solar modules has similar degradation affect in relation to 
humidity [20]. 
 In Figure 2.7 red color indicates high level of Relative Humidity while blue color 
illustrates low-level relative humidity. High temperature and high humidity will result higher 
amount of potential induced degradation [20]. 
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Figure 2.7 Leakage currents of pc-si moduls versus  module temperature under 600VDC in different polarities 
and 10%, 50%, and 95%. Relative humidity values [20] 
 
2.4 Importance of PID Test 
 As it is mentioned before there are three kinds of tests to deter PID effect, namely; 
module level, string level and system level test. To calculate actual pay back period or life 
cycle analyzes of photovoltaic systems, potential induced degradation tests must be carefully 
done. This chapter provides PID study from literature to give preliminary information for the 
actual tests in Chapter 3. 
 Producing PVs with reasonable cost is crucial, technology development in cell and panel 
systems as well as efficiency increase in PV panels are very important. In order to answer all 
of those benchmarks and solve PID phenomena, laboratory work (PID test) is needed. 
 When it comes to numerical risk study, some methods are gathered in a function, which 
is called as “hazard function”. “Hazard function” possess three parts namely; reliability 
engineering, lifetime analyzes and failure mechanism. Reliability engineering uses bath tube 
function. For solar panel producers one of biggest aim is to estimate lifetime of the system. 
Therefore it is very important to possess reliable system failure mechanism. Bath tube 
function is implemented to the photovoltaic system as a failure mechanism in Figure 2.8 
[20]. 
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Figure 2.8 Photovoltaic bath tube function, explains the time and the reasons of failure [20] 
 
2.4.1 Degradation Under High Voltage 
 Since now, there are plenty of studies has been done mostly for first generation 
photovoltaic panels. Majority of those tests were under 1000 V and p junction solar modules 
are used. Metals like aluminum, copper and gold are good conductors, owing to their 
features they are used as a glass surface covering material for the photovoltaic systems. PID 
Tests under high voltage offers some advantages regarding with quick determination of 
potentially induced degradation in the arrays of photovoltaic system.  High voltage 
results electrons to flow from cell through its frame to the ground; therefore this electron 
flow gives us a chance to research leakage current and electrochemical corrosion effects. 
 It is observed from literature that some of the PID studies were in cell level and some 
of them were in module or system level. Whereas evaluating standards were pretty much 
alike as it is given below; 
• Drawing I-V and J-V curves to characterize cell’s features 
• Finding darkened cells after PID test, by taking initial electroluminescence 
images before and after potential induced degradation test, which is done 
under high voltages [22]. 
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2.5. Cell Level Test 
 Module power conversion is expected to increase after anti-reflective coating (ARC) 
application. Anti-reflective coating is used for increasing absorption of solar energy. 
Whereas according to secondary ion mass spectrometry theory; sodium based ions could 
rapidly found in the top-most layers of the PV cell due to the anti-reflective coating, and that 
contributes potential induced degradation effect to increase [22]. 
 Cell level test means testing different material’s PID effect, In Figure 2.9, single cell is 
imposed to negative 1000 V over 100 hours and it’s IV cure and power degradation in terms 
of PID percentage are illustrated [22]. 
 
Figure 2.9 Photovoltaic bath tube function, explains the time and the reasons of failure [22] 
 
 Many laboratory studies are done in order to test various anti-reflective coating materials 
and their aim was finding most suitable anti-reflective coating that prevents or at least 
reasonably reduce potentially induced degradation effect. Most of the times researches do 
their studies with various one-cell mini modules, which are imposed to voltages up to 200 V.
 Anti-reflective coating’s importance on potential induce degradation effect is proven. 
Majority of ARC layers possess SiNx, which is deployed to the cell with different 
installment methods such as chemical vapor treatment.  
 Depositions of SiNx change the thickness of PV and refractive index (RI). As it is 
observable from Figure 2.10, refractive index and thickness has direct effect on potential 
induced degradation. For example PID effect could be almost zero after maintaining the 
decent combination of RI and Thickness. Figure 2.10 illustrates same cells with different 
anti-reflective coating layers [22]. 
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Figure 2.10 SiN, RI and thickness effects PID [22] 
 
2.6. Module Level Test 
 Solar module’s back and front sheets directly influence module level test, also 
encapsulate material and module design (frame, mounting and isolation techniques) have 
direct effect at model level test results. 
 Module level test is necessary to understand potential induced degradation effect. There 
are various module level laboratory studies with different test conditions. Typically in 
potential induced degradation test, closed chamber system is used for possessing desired 
relative humidity; general test conditions are 1000 V and 85 ℃ along with 85% relative 
humidity. PID test results from 60 p-type standard silicon modules are illustrated in Figure 
2.11. 
 It is also observable from Figure 2.11 that PID test changes the color of the cells, after 
PID test some cells turn into black [26]. 
 
Figure 2.11 Electroluminescence view of silicon cells, before (left) and after (right) Potantial induced 
degradation test [26] 
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 As it is shown in Figure 2.12, degradation has sharply increased between 0th and 12th 
hours. Subsequently, between 13th and 38th hours smoother degradation occurs. At the end, 
output power is degraded by 80% compared to initial power output [26]. 
 
 Figure 2.12 The time dependence power degradation [26] 
 
 From Figure 2.13 voltage depended test is observed. Test environmental conditions were 
same for all panels where temperature was 85º C and relative humidity was 85% on the other 
hand, applied voltage has changed from -100V to -1500V. It is also observed that standard 
60-p type silicon cell showed worse degradation performance at higher voltages [26].  
 
Figure 2.13 Damping heat test with different aplied voltage [26] 
 
 Figure 2.14 is about temperature depended degradation. Temperature has changed with 
two different values; 25ºC and 85ºC while all other parameters remain the same (relative 
humidity was 85%, test duration was 48 hours, frame was grounded and -1000 V applied to 
the PV panel).  It is observable from Figure 2.14 that high temperatures cause more 
potentially induced degradation than low temperatures [26].  
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Figure 2.14 Difference  on PID effect, 25ºC (left) and 85ºC (right) [26] 
 2.7. Importance Of Grounding 
 Different grounding techniques cause different degradations on PV cells. As it is 
illustrated in Figure 2.15, degradation on grounded frame modules mostly occurs at the 
edges and central cells are less affected than outer cells. On the other hand, when modules 
are entirely surface grounded they show relatively homogeneous cell degradation compered 
to grounded frame photovoltaic modules [27]. 
 
Figure 2.15 Difference  on PID regarding to grounding; frame grounded (left) and surface grounded (right) [26] 
 
2.8. System Level Effects Of PID 
 At system level there are three main drivers of potentially induced degradation, namely; 
module voltage, module allocation and grounding type. These three drivers directly affect 
potentially induced degradation phenomena on the system level. As it is indicated 
previously, induced voltage over the frame considered as the main reason for PID. 
Grounding method determines potential difference between cell and frame. As it is indicated 
in Figure 2.16 negative potential cause much more PID than positive voltage applications, 
those modules that imposed to the negative potential has showed more potential induced 
degradation (see Figure 2.17) [27]. 
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Figure 2.16: 20 modules are serially connected(half of them imposed to negative voltage, rest are imposed to 
positive voltage) [27] 
 
Figure 2.17: 20 Potantial beetween module and ground in a function of module position [27] 
 It is discovered that most proper way to ease PID phenomena is protecting system from 
the negatively induced voltage. Special-design inverters along with transformers should be 
included to the system in order to prevent it from negative voltage. If there is not any 
transformer, in other words if system works solely with inverter, it is very likely for free-
floating groundings to cause severe potential induced degradation. 
 As it is illustrated in Figure 2.18, degraded cells under negative potential voltage could 
be recovered by imposing positive voltage [27]. 
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Figure 2.18 Effeects of the positive and negative applied voltage stress on PID [27] 
2.9. Reasons Selecting PID Study Field 
 As it is indicated before, potential induced degradation has huge impact for the power 
yield of the photovoltaic system. Many scholars and companies have researched potential 
induced degradation phenomena due to the fact that PID cause considerable power losses up 
to 80% and shorten the commercial usage life of photovoltaic. Whereas, studies regarding to 
next generation solar technologies are limited and there are not many publications or 
published laboratory results about them. Some of the next generation systems such as 
perovskite modules are expected to be in the market in a short term and other 3rd generation 
technologies are on the pathway to enter PV market. This dissertation aims to contribute 
development and research of 3rd generation PV modules in the sense of inspecting their 
degradation failure. In this study following research fields are incorporated;  
• Experimental laboratory study to obtain the PID effect on the various solar 
modules,  
• Obtaining J-V characteristics and comparing them between different solar 
technologies. 
• Comparison of the total cell efficiencies 
• Comparison of the external quantum efficiencies 
• Comparison of the electrochemical impedance spectroscopy results for OPVs, 
Perovksite cells and dye-sensitized solar cells. 
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3. Methodology 
 Potential induced degradation test is performed by applying voltage between poles of 
solar cells. This test is used in order to deter degradation. 
 This chapter consists of experimental degradation of solar cells with respect to the 
voltage, time and temperature dependence. Illuminated and dark I-V characterizations are 
done for all type of cells at the beginning and after degradation. Also, I-V characterizations 
are observed under different (1-100 mW/cm!) light intensities.  
 Electrochemical impedance spectrometry and external quantum efficiencies are 
measured before and after degradation in order to understand PID effect at electrochemical 
level.  
 Testing process is illustrated in Figure 3.1. All tests are carried out in Ege University 
Solar Institute in İzmir, Turkey. 
 Test process has divided into three phases; at first phase 6 organic photovoltaic device 
have tasted in terms of voltage and time depended degradations. At second phase, Perovskite 
solar cells are tested under time and voltage dependency conditions. Finally, 1,5V and 5V 
voltages are applied to two Dye-sensitized solar cell’s poles at third phase.  
3.1 Test Procedures 
• I-V characteristics are measured before and after each degradation test. In critical 
degradation points both illuminated and dark I-V characteristics are measured 
• Impedance measurements are done with small intervals (3-5min) in order to observe 
potentially induced degradation effect. 
• Due to the fact that pervoskite and organic solar cells can be easily degraded under 
atmospheric conditions; some perovskite and organic solar cells are encapsulated to 
measure external quantum efficiency before and after degradation tests. 
• Temperature based degradation is applied to all solar cells to observe temperature’s 
effect on potentially induced degradation. 
• As it is observable from Figure 3.2 perovskite and organic solar cells are tested 
before and after exposure to oxygen and air. 
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Figure 3.1 Phases of Test Sequence 
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Figure 3.2 Project Work Flow with different steps 
 
  
3.2 TEST EQUIPMENTS 
 Three main measurements namely; I-V, Impedance and EQE are taken during 
degradation study. In addition to that, also capacitance characteristics are observed in DSSC 
degradation study. Keithley test and precision measurement tool is used in order to apply 
external voltage to the cells.  Apart from that equipment, auxiliary devices such as solar 
simulator, plasma system, heating plate, glove box, heat gun are used. 
3.2.1 Measuring I-V Curve 
 As it is observable from Figure 3.2.1, Keithley 2400 series measurement tool is used in 
order to obtain I-V and dark IV characteristics for all type of solar cells. Owing to low 
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current measuring feature (10pA maximum resolution over the range of 1mA) 2400 series 
devices are quite reliable for measuring dark I-V characteristics [28]. 
 
Figure 3.2.1 Obtaining I-V curve and applying Voltage via Keithley 2400 
 
 Equivalent circuit of photovoltaic cell is given in Figure 3.2.2, IL represents photon 
current source also diode, parallel resistance (rsh) and series resistance (rs) are exist in 
equivalent circuit. 
 
Figure 3.2.2 Equivalent circuit model of photovoltaic cell  (via Paintbrush) 
 Series resistance (rs) stands for ohmic losess that occurs in front of the cell’s surface. 
Diode leakage current represented by parallel resistance (rsh) and the measured conversion 
efficiency (𝜂) described as, 
                                              𝜂 = !"!"#                                                               (3.1) 
 
 Pin is the power input to the cell and Pm = Im x Vm, where Im is cell current and Vm is 
cell voltage at the maximum power. 
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 Similarly, Fill factor can be determined as, 
                                                   𝑭𝑭 = (𝑽𝒎 𝒙 𝑰𝒎)(𝑽𝒐𝒄 𝒙 𝑰𝒔𝒄)                                                 (3.2) 
 Where, Voc is the open circuit voltage and Isc is the short circuit current. 
 
Maximum power area and Voc, Isc, Pm, Im, Vm are illustrated in Figure 3.2.3 [28]. 
 
 
 
Figure 3.2.3 Typical forward biased I-V characteristic of silicon based solar cell (via Paintbrush) 
 
 As it is illustrated in Figure 3.2.4 there are two types of probes, positive probe where 
electrons are flowing through power supply to cell and negative probe where holes are 
collected and received by Keithley in order to analyze results.  
 
 
Figure 3.2.4 Probe connetion to cell in order to obtain I-V curve and to apply voltage for PID 
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 With the help of solar simulator, forward biased I-V curve (X=voltage and Y=current) 
between two points (0, Isc) and (Voc, 0) is generated. At Figure 3.2.5 interface of the 
measurement program is given. After entering input data namely, starting voltage, ending 
voltage (should be over than Voc), Voltage steps, light intensity and current rage, program 
plots I-V curve and calculates Isc, Voc, Im, Vm, fill factor.  
 Due to the fact that under illuminated measurements, fluctuations in light intensity can 
cause misconceptions at the final result. Even if there is not any light fluctuation, comparing 
dark and illuminated I-V cures contribute wealth of the degradation results. As it is 
observable from Figure 3.2.6 dark I-V measurement produce exponential curve just like a 
diode. The linear voltage-current curve illustrates limited information while log-plot voltage-
current curve reveals reasonable information about series (rs), parallel resistances (rsh) and 
ideality factor. Therefore dark characteristic is very useful to estimate parallel (shunt) 
resistance [28]. 
 
 
Figure 3.2.5 Typical forward biased I-V characteristic of perovskite solar cell 
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Figure 3.2.6 Typical dark reverse biase I-V characteristic of solar cell (via Paintbrush ios) 
 
3.2.2 Measuring External Quantum Efficiency 
 There are two components of quantum efficiency and it is important to differentiate 
between internal quantum efficiency (IQE) and external quantum efficiency (EQE). External 
factors such as absorption in glass layers or reflection could affect EQE. Whereas, internal 
quantum efficiency only deals with incident photons on the junction and it is not affected 
from reflections or glass absorption. Therefore internal quantum efficiency is close to unity 
over a significant range and it is greater than external quantum efficiency. 
Due to the fact that this study is about degradation and potential induced degradation is 
generally a problem for photovoltaic systems that operates in photovoltaic farms, External 
quantum efficiency measurements are taken in this study to observe entire cell level results. 
As it is illustrated in equation 3.3 charge carriers collected by the solar cell divided by 
number of incident photons gives external quantum efficiency [29]. 
          𝑬𝑸𝑬 = 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔/𝒔𝒆𝒄𝑷𝒉𝒐𝒕𝒐𝒏𝒔/𝒔𝒆𝒄 = 𝒄𝒖𝒓𝒓𝒆𝒏𝒕/(𝒄𝒉𝒂𝒓𝒈𝒆 𝒐𝒇 𝒐𝒏𝒆 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏)(𝒕𝒐𝒕𝒂𝒍 𝒑𝒐𝒘𝒆𝒓 𝒐𝒇 𝒑𝒉𝒐𝒕𝒐𝒏) (𝒆𝒏𝒆𝒓𝒈𝒚 𝒐𝒇 𝒐𝒏𝒆 𝒑𝒉𝒐𝒕𝒐𝒏)                   (3.3)  
 
 Figure 3.2.7 shows typical external quantum efficiency changes with wavelength. There 
are three different regions that external quantum efficiency changes its trend. Front surface 
recombination causes quantum efficiency reductions at region-I (short wavelengths) 
similarly, rear surface recombination decrease external quantum efficacy at long 
wavelengths. Low diffusion wavelengths, reflections and transmissions cause reduction of 
total quantum efficiency. Also it is observable that, at long wavelengths quantum efficiency 
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goes to zero again due to the fact that there is not any light absorption below the band gap 
[29]. 
 Energy equation of the photon in Jules (Ep) is given at equation 3.4, Where; 
λ = Wavelength in meter  
v  = frequency in sec!! ,  
h =Planck’s constant 6.62 x 10 –34 J sec  
c = speed of light, 299 792 458 m/s 
 
                                      𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑣 𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝑐/λ                                                  (3.4) 
 
 From equation 3.4, wavelength can be derivate as it is given in equation 3.5. Therefore it 
is observable that increasing wavelength will cause same rate decrease in the energy of the 
photon since there is not any change in Plank’s constant and the speed of light. 
 
                                                     λ= ℎ𝑐/𝐸(𝑝ℎ𝑜𝑡𝑜𝑛)                                                              (3.5) 
 
 
Figure 3.2.7 Typical external quantum efficiency characteristic of solar cell (via Paintbrush ios) 
 
 Also as it is shown in Figure 3.2.8, unlike solid state, perovskite and Organic 
photovoltaic cells, dye-sensitized solar cells have two peaks; one in shorter wavelengths and 
the other in longer wavelengths. First one represents electrolyte characteristics while second 
one in long wavelengths represents diode’s quantum efficiency characteristics [29]. 
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Figure 3.2.8 External quantum efficiency characteristic of three manufactured DSSC (via Origin Pro) 
 As it is given in Figure 3.2.9 during this study Enli Technology QE-R (Total Quantum 
Efficiency solutions for solar cells) is used in order to measure external quantum 
efficiencies.  
 
Figure 3.2.9 Enlitech QE-R Total quantum efficiency measurement 
 
 AC mode External quantum efficiency measurements are taken between 300nm to 
800nm wavelengths. Before every measurement chopper is set to Ac measurement mode. 
Green light point in Figure 3.2.10 should directly hit to the cell’s active area from where 
finger’s or cell’s external quantum efficiency measurement is going to take. Solar cell is 
stabilized with two magnetic probes. In addition to that after every start-up calibration is 
made via silicon calibration cell, which is given at top left corner of Figure 3.2.10. 
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Figure 3.2.10 Enlitech QE-R Solar cell connection and silicon calibration cell 
 Interface of External quantum efficiency measurement is given at Figure 3.2.11. There 
are two displays to show external quantum efficiency results (%EQE, IPCE) and spectral 
response (SR (A/W)). Also sinusoidal signal shows that system operates with respective 
frequency-time curve. Interface provides written data on the screen to compere exact EQE 
values at certain wavelengths. In addition to that owing to interface multiple measurement 
graphs and results are observable from an open window. 
 Frequency is set to 133Hz during entire external quantum efficiency measurements. 
Also, measurements are taken with 10nm wavelength step between 300nm to 800nm. 
 
Figure 3.2.11 Enlitech QE-R interface after measuring external quantum efficiency 
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3.2.3 Measuring Impedance and Capacitance 
 Impedance measurements are taken for organic photovoltaic cell, perovskite and dye-
sensitized solar cells. Investing and comparing degradation mechanisms in those cells with 
impedance spectroscopy is one of the main topics of this study. 
 On nyquist plot of impedance curve, as it is given in Figure 3.2.12 abscissa (x axis) is 
real part of impedance while ordinate (y axis) shows imaginary part of the impedance. In 
figure 3.2.12 only parallel capacitance and parallel resistance exist therefore impedance 
spectrometry is belong to nothing but the RC circuit and it is calculated with equation 3.6 
[30]. 
                  𝑍𝑡 = !" !"! !"!!   or  Z = EI = Z 0 exp(iφ) = Z 0 (cosφ + i sinφ)                            (3.6) 
 
  
 
 
Figure 3.2.12 RC Impedance characteristic curve [30] 
 As it is illustrated in Figure 3.2.13, each circuit components have different effect over 
impedance curve, capacitance increases imaginary impedance but it does not posses any real 
quantity. Whereas serial resistance contributes real part of impedance and parallel resistance 
generates semi-circle impedance curve through frequency boundaries. Inductive effect is an 
unwanted property due to the fact that there is not any coil in solar cells, but sometimes, 
inductive effect is observable at law frequencies as a noise [30]. 
1 1 1
Z R i Cω
= +
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Figure 3.2.13 Nyquist plots for (a) a capacitor, (b) a capacitor in series with a resistor, (c) a capacitor in parallel 
with a resistor, and (d) a capacitor with resistor in series and parallel [30] 
 Equivalent circuit of ideal organic photovoltaic cell is given at Figure 3.2.14, ideal 
organic solar cell possess only ideal diode therefore it is considered that Rsh= ∞ and Rs=0. 
Also under light, photo current (𝐼!) is generated, after adding 𝐼! to the diode characteristic, 
following equation can be found where 𝐼! is the dark saturation current, n is the ideality 
factor and T is the temperature in kelvin, and q, k are constants, q=1.6*10!!" , 
k=1.38*10!!" [31]. 
                                                              𝐼! = 𝐼! + [exp !!"#! − 1]                                   (3.7) 
 
Figure 3.2.14 Equivalent circuit of ideal Organic photovoltaic cell [31] 
 Figure 3.2.15 illustrates typical impedance characteristics of organic photovoltaic cell 
where Rp= 100 ohm and Cp is 5nF, as it is observable from the Figure, crossing point at low 
frequencies shows Rp which is 100 ohm in this example, Also center of the semicircle 
related with time constant (t= Rp x Cp) when it comes to high frequencies (left side) Cp’s 
domination is observable. In reality there are more than one Rp-Cp components in 
equivalent circuit in order to represent multiple layers [32]. 
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Figure 3.2.15 Nyquist impedance plot of Organic photovoltaic cell [32] 
 In this study Perovskite solar cells manufactured with 
ITO/PDOT:PSS/Perovskite/PCBM/ AL layers. Figure 3.2.16 illustrates typical equivalent 
circuit of perovskite solar cell where R1 and R2 are resistances of layers,  𝑄 = 1/(𝑇. (𝑗.𝑤)! ) is constant phase element of measured layer,   𝑅! is the series resistance and  𝐶!  
represents capacitance between anode and cathode [33]. 
  
 
Figure 3.2.16 Equivalent circuit of perovskite photovoltaic cell [33] 
 Also Figure 3.2.17 shows nyquist impedance spectra plot of ITO/PDOT:PSS/Perovskite/ 
PCBM/AL device with various (between 60µL to 150µL) silver NPs in 1ml of PEDOT:PSS 
layer [33]. 
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Figure 3.2.17 Nyquist impedance plot of Perovskite solar cell [33] 
 Dye-Sensitized solar cells has additional R-C due to the liquid electrolyte, equivalent 
circuit of Dye-Sensitized solar cell is given at Figure 3.2.18 where R1 and C1 are electrode’s 
(TiO2) resistance and capacitance, R3 and C3 are electrolyte’s resistance and capacitance 
and Rh is sheet resistance while Rsh is shunt resistance, Z2 is diode and Iph, I are current 
source and output current respectively [34]. 
 
Figure 3.2.18 Equivalent circuit of dye-Sensitized solar cell [34] 
 Impedance of dye-sensitized solar cell is given at equation 3.8 where,  Z!" is ohmic 
series impedance that equals to ohmic series resistance, Rh and R3 (sheet resistance and 
electrolyte solution) are the major ohmic series resistances. Charge transfer resistance  R !! 
is linked with redox reaction that has I! and    I!!. If we model charge carriage resistance 
with R-C parallel circuit then corresponding impedance can be determined as    Z !!. Also    Z!" is impedance of diffusion and recombination, while  Z !! is finite-length Warburg 
impedance which is contributed by  I!! diffusion impedance [35]. 
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                               𝑍!""# =    𝑍!" +    𝑍!" +    𝑍 !! +    𝑍 !!                                      (3.8) 
 
 Figure 3.2.19 is about impedance characteristics of dye-sensitized solar cell with respect 
to the ohmic, diffusion warburg, charge transfer impedances.  
 
Figure 3.2.19 Nyquist impedance plot of DSSC [35] 
 Apart from other cells also capacitance-voltage curve is observed for dye-sensitized 
solar cells. it is shown in Figure 3.2.20 that, as we increase the frequency from 100Khz to 
1Mhz capacitance start to decrease. Capacitance equation is given at equation 3.9 Where;   
• Csc = space-charge capacitance of semiconductor electrode 
• 𝜀!  is semiconductor’s dielectric constant  
• 𝑒 is the free space permittivity 
• Nd is the dopant density 
• V is the applied potential 
• Vfb is the flat band potential [36] 
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                                                      𝟏   !!!" = 𝟐!!  !! ! 𝑽− 𝑉!" − !"!                                    (3.9) 
 
 
Figure 3.2.20 Capacitance-Voltage curve of DSSC (Via Origin pro) 
 Electrochemical impedance spectroscopies are measured via Zahner IM6 that is shown 
along with probe connection to the dye-sensitized solar cell in Figure 3.2.21. IM6 possess 
programmable potentiostat, potential, frequency generator, analyzer, two amplifiers for 
current and couple of slots for extra input and output modules. It can be used for the wide 
range of electrochemistry measurement [37].  
 
Figure 3.2.21 Capacitance-Voltage curve of DSSC 
 Figure 3.2.22 shows Thales interface where user enters input data, as it is observable 
from the Figure frequency limits are set between 1Hz to 1Mhz for all measurements. 
Whereas as it is illustrated in potentiostat control window on the right of the Figure, DC 
voltage is re-entered for every measurement because each cell has its own open circuit 
voltage and cell’s Voc changes after every degradation step. 
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Figure 3.2.22 Electrochemical impedance spectroscopy and potentiostat control windows from interface (Thales) 
 Also as it is given before in the project workflow, for dye-sensitized solar cells 
additional capacitance-voltage characteristics are measured. Capacitance-Voltage 
characteristics are scanned between -1,5V to 1,5V, which is observable from Figure 3.2.23. 
 
Figure 3.2.23 Fixed frequency capacitance vs voltage scan window (Thales) 
3.2.4 Auxiliary Devices 
 Apart from those devices, which are already described at previous chapters, also some 
auxiliary devices are used in order to conduct degradation study. Solar simulator, plasma 
system, heating plate, glove box, heat gun and fridge are main auxiliary devices that have 
been used for different purposes. 
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 Solar Simulator; 
 Solar simulator device provides illumination nearly like natural sun (100W/m
2 
light 
intensity). Solar simulation device is used while measuring I-V characteristics of solar cells 
during degradation study. Device is observable from Figure 3.2.24.  
 
Figure 3.2.24 Solar Simulation Device 
 Also potential induced degradation inspected at different light intensities. As it is given 
in Figure 3.2.25 there are 4 grid-plates, which are calibrated before. From left to right they 
decrease light intensity 50%, 30%, 10% and 1%; that provides 50W/m
2
, 30W/m
2
, 10 W/m
2
 
and 1W/m
2 
light intensities respectively. Without any grid plate cell is exposed to 100W/m
2
 
illumination. 
 
 
Figure 3.2.25 Grid plates to change light intensity from left to right (50%, 30%, 10% and 1%) 
 Plasma System; 
 As it is illustrated in Figure 3.2.26 Femto Science, Cute series plasma system is used for 
organic solar cell O2 plasma degradation and Perovskite solar cell gaseous oxygen 
degradation. Although plasma system is used in order to remove organic contaminants from 
the surface, in this study it is used for degradation purpose. 
  Oxygen plasma degradation could destroy perovskite cell because of the perovskite’s 
chemical specifications, therefore only O2 gas degradation is done for perovskite solar cells. 
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Figure 3.2.26 Femto Science, Cute series plasma system 
 Glove Box; 
 Organic solar cells and perovskite solar cells require encapsulation when they exposed to 
air. As it is observable from Figure 3.2.27, in order to maintain reliable results tests are 
taken inside the glow box, where oxygen-free environment is granted. 
 Capacitance, Impedance and I-V characteristics are obtainable, also voltage can be 
applied to the cell without taking solar cells out of the glow box. Whereas, to measure 
external quantum efficiency; solar cells should be taken out of the glow box, therefore some 
solar cells are encapsulated as it is mentioned in cell manufacturing chapter.  
 
Figure 3.2.27 Glow Box 
 Dye-Sensitized solar cells are exposed to zero degrees Celsius after time depended 2V 
voltage degradation. Laboratory fridge is used for providing 0℃ refrigeration. Dye-
Sensitized solar cells are kept in the fridge for 600 minutes. 
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 Heating Plate; 
 Heating plate is used during temperature degradation as it is illustrated in Figure 3.2.28. 
Perovskite and Organic solar cells are exposed to temperature degradation inside glow box 
whereas Dye-Sensitized and encapsulated organic solar cells solar cells are annealed outside. 
 
Figure 3.2.28 Heating plate 
  Heating Gun; 
 Indium tin oxide (ITO) glazed platinum electrodes need to be heated to get crystal 
structure and also heating will help platinum electrodes to get rid of organic remains over its 
surface which in result will increase dye-sensitized solar cell’s efficiency. As it is observable 
from Figure 3.2.29 heating gun is used for heating electrodes. 
 
Figure 3.2.29 Heating gun 
3.3 Cell Manufacturing 
 All cells are fabricated in Ege university solar institute laboratories. 16 devices produced 
in total for different technologies, namely; organic photovoltaic, perovskite and dye-
sensitized solar cells.   
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3.3.1 Manufacturing OPV Cells 
 Six Organic photovoltaic devices are produced. Manufactured device structure was 
ITO/PEDOT:PSS/P3HT:PCBM(1.1 ratio)/Ca/Al. Device structure is observable from Figure 
3.3.1. 
 
Figure 3.3.1 Organic Photovoltaic Cell ITO/PEDOT:PSS/P3HT: PCBM/Ca/Al structure (via paintbrush) 
 Because of the extremely small thickness of active layers in the organic solar cell, very 
thorough cleaning is needed to avoid shortcuts or bad contacts between layers, after cleaning 
ITO covered substrates, device fabrication may begin. Firstly 40 nm PEDOT:PSS is spin 
coated (3000 rpm 1minute) as it is illustrated in Figure 3.3.2 after that device is vacuumed 
and heated at 120℃ for 30 minutes. PDOT:PSS is a transparent conductive polymer and it is 
useful to enhance the contacts  between ITO electrode and donor acceptor (active layer). 
 
 
 
 
 
 
 
Figure 3.3.2  40nm PDOT:PSS coating (3000 rpm 1 min spin coating) 
 Subsequently, P3HT and PCBM are separately dissolved in 1,2- DCB (dichlorobenzene), 
and then mixed together with 1:1 wt/wt ratio, which is 20mg/ml each. After that as it is 
illustrated at Figure 3.3.3 first three devices (1st,2nd and 3rd legs) are spin coated at 1500 rpm 
while last three devices (4th, 5th and 6th legs) are spin coated at 2000 rpm. 
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Figure 3.3.3  P3HT:PCBM(1:1) spin coating  ( A: Applying P3HT:PCBM(1:1) droplets onto device surface, 
B: Device after 1 minute spin coating at 1500 or 2000 rpm. 
 After this process, moist device left to dry in a covered glass petri dish. Following to this 
step, dried device is vacuumed and heated at 120℃ for 30 minutes to maintain absolute 
dehydration. The cathode was 30nm Ca and 70nm Al. 
 As the active layer of solar cell is sensitive to atmospheric conditions (oxygen and water) 
next steps are performed in a nitrogen-filled glove box. The evaporation of metals is done 
from a small tungsten boat containing the desired metal on which a high current applied (see 
Figure 3.3.4).  
  
 
 
 
 
 
 
Figure 3.3.4 Evaporation chamber  inside glow box 
 Owing to evaporation chamber, the boat is heated and the material evaporates. This 
process is done under high vacuum so evaporated metal can condense on the substrates as a 
thin film without colliding with gas molecules in between. 
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 Lastly, to optimize the performance of the solar cells, they have to be heated for a few 
minutes after the final deposition. Afterwards devices are cooled down slowly in order to 
avoid thermal stress. As it is observable from Figure 3.3.5 Organic photovoltaic cells are 
now ready for degradation study. 
 
Figure 3.3.5 Evaporation chamber  inside glow box 
3.3.2 Manufacturing Perovskite Solar Cells 
 Five perovskite solar devices are produced. Device structure was ITO/PEDOT:PSS(1:1 
ratio)/CH!NH!PbI!/PCBM/Al. structure of the perovskite solar cell is observable from 
Figure 3.3.6. 
 
Figure 3.3.6 Perovskite solar Cell ITO/PEDOT:PSS/CH!NH!PbI!/PCBM/Al structure (via paintbrush) 
 The methylammonium iodide (CH!NH!I) and lead iodide (PbI!) are dissolved in 
anhydrous dimethylformamide (DMF) at concentrations of 600 mg/ml with 1:1 molar ratio. 
Also PCBM (Phenyl-C61-butyric acid methyl ester) is dissolved in CB (anhydrous 
chlorobenzene) with a concentration of 20 mg/ml. As it is illustrated in Figure 3.3.7 all 
solutions are stirred for 15 hours at 65 °C to ensure PbI!& CH!NH!I precursor and PCBM 
are adequately dissolved 
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. 
Figure 3.3.7 Fifteen Hours stirring PbI!& CH!NH!I precursor and PCBM in glove box 
 45nm thickness of PEDOT:PSS is spin coated for 1 minute at 3000 rpm. After that, 
device annealed on heating plate at 150°C for 20 minutes. CH!NH!PbI! fabrication is done 
entirely in nitrogen filled glove box. 
 As it is illustrated at Figure 3.3.8 PbI!&CH!NH!I precursor spin coated over 
PEDOT:PSS coated ITO at a spin rate of 4000rpm for one minute. During spin coating 50µl 
anhydrous CB solvent droplets is applied to the device’s center. After that,  CH!NH!PbI! 
perovskite film heated at 100 °C for 15 minutes to possess approximately 270nm thickness. 
 Finally, PCBM (Phenyl-C61-butyric acid methyl ester) layer is deposited with a 30nm 
thickness and similar to the organic photovoltaic cell’s last step, 100 nm Al electrode is 
evaporated within evaporating chamber inside the glow box. 
  
Figure 3.3.8 Application of PbI!&CH!NH!I precursor 
 After all those steps perovskite solar cells are ready for measurements and degradation 
study as it is shown in Figure 3.3.9. 
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Figure 3.3.9 Perovskite solar cells after fabrication 
 
3.3.3 Manufacturing Dye-Sensitized Solar Cells 
 Five dye-sensitized solar cell are produced. Manufactured cell’s device structure was 
FTO/TiO!/ Electrolyte/Pt/FTO. Due to the fact that dye-sensitized solar cell has liquid 
electrolyte, it possess different structure compared to other two solar technologies, DSSC 
device structure is observable from Figure 3.3.10. 
 
 
 
 
 
 
Figure 3.3.10 dye-sensitized solar cell FTO/TiO!/Electrolyte/Pt/FTO structure (via paintbrush) 
 Solaronix electrodes are used for dye-sensitized solar cell fabrication as it is given in 
Figure 3.3.11 two electrodes are used, platinum electrode used as a cathode, whereas titania 
electrode ( FTO with TiO!) is used as an anode. Electron flow occurs from TiO! to platinum 
electrode. Also as it is shown in Figure 3.3.11 platinum electrodes have small hole in order 
to be filled with electrolyte. On the other hand, titania electrodes possess TiO! layer to 
capture dyes and generate electrical current. 
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Figure 3.3.11 Solaronix Electrodes platinum electrodes on the left and Titania electrodes on the right 
 First of all, after thorough cleaning, titania electrodes are waited inside Z907 dye, 4 of 
them are waited for 1 day and the last one is waited for four days. This process is done for 
letting TiO! to absorb dyes. It is observable from Figure 3.3.12 that after Dye bath TiO! 
changes its color from white to brownish-red.  
 
Figure 3.3.12 After Z907 Dye bath, Titania electrodes absorb dyes and changes color 
 Subsequently, to remove organic materials from electrode; platinum electrodes are 
heated from 50℃ until 400℃, temperature is increased 10℃ after every minute. Heating 
process is followed by cooling process; device is cooled and returned back to room 
temperature again. As it is illustrated in Figure 3.3.13 heat gun is used for heating platinum 
electrode. 
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Figure 3.3.13 Heating Platinum electrodes to get rid of organic materiels on the surface  
 After Z907 dye bath, titania electrodes are put inside acetone solution for 15 minutes to 
prevent multi dye layering over TiO! layer. Then as it is illustrated in Figure 3.3.14 
electrodes are heated via oven for 30 minutes to possess decent desiccation. 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.14 Fifteen minutes Acetone bath for DSSCs and desiccation at 71℃ for 30 minutes 
 Electrolyte is fabricated in the laboratory and it consists of 0,6 mole IL; 0,1 mole LiI; 
0,05 mole I! and 0,5 mole TBP to capture water.  Two electrodes are combined with heat 
sensitive sealing. After inserting sealing layer between electrodes, device is heated at 80℃ 
for 1 minute to enable sealing to colligate electrodes. Thereafter electrolyte is dropped over 
the center of platinum electrode as it is illustrated in Figure 3.3.15.  
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Figure 3.3.15 Dropping electrolyte over platinum electrode (in the middle) , electrolyte (bottom right corner), 
cutting sealing to for electrodes (top right corner) and heating device to enable electrode combination via 
sealing (left). 
 Vacuum motor is used for penetrating electrolyte inside the device but before applying 
vacuum, needle-headed cylindrical tube inserted to the platinum electrode’s hole in order to 
prevent bubble generation over hole. It is because under vacuum conditions, remained air 
between electrodes tries to protrude. But, existence of electrolyte onto the hole, blocks air to 
go out and electrolyte swells like a bubble.  After vacuum, this air in the bubble would be 
absorbed in between electrodes and cause structural failure.  
 Next step is to ensure electrical contacts from FTO. After cleaning device’s surface with 
acetone, Alloy #143 solder is applied to corners of the device to possess decent electrical 
connection.  
 Subsequently, heat sensitive sealing cap is closed and heated to prevent any possible 
electrolyte leakage. At last, as it is illustrated in Figure 3.3.16 device’s anode surface is 
cleaned with ethanol in order to maintain adequate light absorption. After all those steps 
device is ready for degradation study. 
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Figure 3.3.16 1) Inserting needle-headed cylindrical tube to prevent bubble generation, 2) Electrolyte vacuum 
fill, 3)Sealing cap for platinum electrode, 4) Alloy #143 solder is application, 5) Cleaning device with ethanol, 
6) cathode(platinum side view, 7) anode(dye and TiO!) side of DSSCs 
3.4   OPV Degradation Test 
 As it is indicated before, six organic photovoltaic devices are manufactured, each device 
is called as a leg and each leg has five fingers (see Figure 3.4.1). For organic photovoltaic 
cells and perovskite solar cells measurements are titled regarding to leg and finger numbers. 
 
Figure 3.4.1 OPV and Perovskite solar cells have 5 fingers for each leg (device). 
  3rd, 4th and 5th legs are used for potential induced degradation studies, whereas first and 
6th legs are solely used for temperature degradation and second leg did not use due to its 
very low efficiencies. 
3.4.1   OPV Voltage Depended Test 
 Three fingers, Leg-3 Finger-1, Leg-4 Finger-1 and Finger-2 are used for voltage 
depended potentially induced degradation study. 
1 2 
3 
4 
5 
6 
7 
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 As it is illustrated in Figure 3.4.2, first experiment was about observing voltage that 
cause degradation for manufactured organic photovoltaic system. From 1V to 10V voltages 
are applied to leg-4 finger-1 for 10 seconds. It is observed that after applying 1V for 10 
seconds; apart from Imax (Imp) all parameters are increased and that resulted with 17,65% 
increase at output power.  
 In fact this first test was very brief in order to find device’s voltage durability and it is 
observed that voltages up to 10V is applicable for this manufactured OPVs.  
Figure 3.4.2 Leg-4 Finger-1 Voltage Depended Degradation with 10 Second time intervals 
 As it is illustrated in Figure 3.4.3 with potential induced degradation, device is losing its 
diode characteristics and I-V curve approaches y-axis. 
 
Figure 3.4.3 Leg-4 Finger-1 Voltage Depended Degradation I-V Curves (Via Origin pro) 
 Leg-4 Finger-2 is used for second voltage depended degradation test. During the test 
external quantum efficiencies are observed before degradation, after 22V and 25V 
degradations. Also dark I-V characteristics are observed prior to degradation and after 22V 
voltage degradation. As it is illustrated in Figure 3.4.4, applied voltage increased from 10V 
to 30V with 10-minute test interval.  
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 4,807 340 0,342
After	1V	10	Second 4,899 360 0,372
After	3V	10	Second 4,795 280 0,286
After4V	10	Second 4,730 240 0,278
After	5V	10	Second 4,685 240 0,283
After	10V	10	Second 4,683 200 0,308
Leg-4	finger-1	Voltage	Depended	Degredation
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
180 3,101 0,558 -
220 2,985 0,657 -17,650
160 2,401 0,384 41,501
120 2,633 0,316 17,753
120 2,659 0,319 -0,987
100 2,887 0,289 9,521
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Figure 3.4.4 Leg-4 Finger-2 Voltage Depended Degradation with 10-minute time interval 
 As it is observed from second voltage depended degradation test; biggest degradation 
was after 25V voltage application for 10 minutes. Device lost 62% of its power generation 
capacity and Imp (current at maximum power) has dropped from 1,063 mA/cm! to 0,370 
mA/cm!. Also short circuit current fell to 0,836 mA/cm! from 2,152 mA/cm! (see Figure 
3.4.4). As it is observable from Figure 3.4.5 degradation is flatting I-V characteristics 
because of the impairment at diode features. 
 
Figure 3.4.5 Leg-4 Finger-2 Voltage Depended Degradation I-V Curves (Via Origin pro) 
 As it is illustrated in Figure 3.4.6 potential induced degradation cause external quantum 
efficiency to decrease. There are two peaks at organic photovoltaic device’s external 
quantum efficiency characteristics; one is at 349nm and the other is occurred at around 500 
nm wavelengths. Before degradation second peak quantum efficiency was 36,08% at 510nm 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 4,557 520 0,455
initial 4,813 520 0,471
After	10V	10min 4,242 560 0,484
After	12V	10min 4,189 560 0,487
After	14V	10min 4,075 560 0,431
After	18V	10min 3,874 560 0,407
After	20V	10min 3,792 560 0,373
After	21V	10min 3,401 560 0,287
After	22V	10min 2,152 540 0,256
After	25V	10min 0,836 540 0,245
After		30V	20min 0,274 740 0,392
100	mW/Cm2
Leg-4	finger-2	Voltage	Depended	Degredation
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
360 3,000 1,080 -
360 3,280 1,180 -
380 3,020 1,150 2,812
380 3,000 1,142 0,662
360 2,736 0,985 13,600
340 2,602 0,884 10,181
320 2,470 0,792 10,657
280 1,959 0,548 30,602
280 1,063 0,297 45,738
300 0,370 0,111 62,707
520 0,153 0,079 28,324
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wavelength and after 25V voltage degradation peak external quantum efficiency fell to 
24,39% at 470nm wavelength.  
 
Figure 3.4.6 Leg-4 Finger-2 Voltage Depended Degradation EQE-λ curve (Via Origin pro) 
 As it is observable from Figure 3.4.7 after 25V 10-minute voltage degradation, similar to 
illuminated I-V characteristics, Dark I-V curve became straight due to the fact that device 
lost its diode characteristics. 
 
Figure 3.4.7 Leg-4 Finger-2 Voltage Depended Degradation Dark I-V curve (Via Origin pro) 
 For third voltage depended degradation test leg-3 finger-1 is used and at this test 
impedance characteristics are observed initially and after 19V 10-minute voltage 
degradation. As it is illustrated in Figure 3.4.8 after 18V 15min degradation 5,66% power 
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loss is observed. Fill factor (FF) decreased from 0,554 to 0,487 and efficiency has dropped 
from 2,44% to 1,88%. Also Imp and Vmp decreased steadily during degradation. On the 
other hand, short circuit current and open circuit voltage have slightly decreased. 
 After voltage degradation, I-V characteristics are measured with different light 
intensities and it is observed that efficiency of the device and fill factor have increased with 
intensity decrease from 100 mW/𝑐𝑚! to 1mW/𝑐𝑚!. On the other hand Imp, Vmp, short 
circuit current and open circuit voltage have decreased subsequent to degradation test. 
Figure 3.4.8 Leg-3 Finger-1 Voltage Depended Degradation 
 As it is shown in Figure 3.4.9, I-V characteristics has changed similar to first voltage 
depended degradation and due to the reasonable remaining efficiency (1,88%) after 
degradation, device kept showing its diode characteristics. 
 
Figure 3.4.9 Leg-3 Finger-1 Voltage Depended Degradation I-V Curves (Via Origin pro) 
 In Figure 3.4.10 Impedance spectrometry results are illustrated in two different plot 
style; Nyquist plot on top and bode plot at bottom. As it is observable from Nyquist plots, 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 7,751 580 0,544
initial 7,537 600 0,522
After	10V	20min 7,513 580 0,513
After	15V	10min 7,403 560 0,509
After	18V	15min 7,250 560 0,490
After	18V	10min 7,194 540 0,489
After	19V	10min 7,163 540 0,487
50	mW/Cm2 4,487 500 0,520
30	mW/Cm2 3,031 480 0,536
10	mW/Cm2 2,402 480 0,532
1	mW/Cm2 1,127 440 0,555
100	mW/Cm2
After	Voltage	
Degredation
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
420 8,822 2,445 -
420 5,616 2,359 -
400 5,589 2,235 5,222
400 5,281 2,112 5,511
380 5,244 1,993 5,666
360 5,279 1,900 4,631
360 5,233 1,883 0,871
360 3,241 2,333
360 2,167 2,601
340 1,804 6,136
320 0,860 27,531
-
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before degradation impedance was 120 ohm and after 19V 10-minute voltage degradation it 
decreased to 100 ohm. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.10 Leg-3 Finger-1 voltage depended degradation test impedance spectrometry results before 
degradation on the left and after degradation on the right. Nyquist plot on the top and Bode plot on the bottom. 
3.4.2   OPV Time Depended Voltage Degradation Test 
 Three different tests have done for time depended voltage degradation test. Leg-5 
Finger-3 is degraded with 5V and 10V constant voltages for 80 minutes and 10 minutes 
respectively. Also Leg-5 Finger 2 is degraded with 10V and 15V external voltage 
application. At last Leg-3 Finger-5 is degraded with 18V for 20 minutes. After every 
degradation step, 3 to 5 minutes waited for cooling device. 
 As  it is observable from Figure 3.4.11 first time depended voltage degradation test has 
two steps. Firstly Leg-5 Finger-3 is degraded with 5V for 80 minutes, subsequently it is 
degraded with 10V for 10 minutes. External quantum efficiencies are observed initially and 
after 10V 10-minute voltage degradation. 
 Power losses are observed after every voltage application; subsequent to 5V 80 minutes 
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voltage degradation, device has lost 13% power generation capacity. Flowingly, device 
degraded with 10V for 5 minutes and this time it lost 2,26% of output power. In addition to 
that, 11,5% power loss is observed at the end of the study. (see Figure 3.4.11). 
 It is also observed that after 5V voltage application for 5 minutes, short circuit current, 
fill factor, Imp and efficiency have increased, open circuit voltage remained same and Vmp 
has decreased. As it is illustrated before at chapter 3.2.3 Measuring Impedance and 
Capacitance, organic photovoltaic cells possess capacitive characteristics and subsequent to 
voltage application efficiency increase due to this feature. 
Figure 3.4.11 Leg-5 Finger-3 Time Depended Voltage Degradation 
 As it is illustrated in Figure 3.4.12 after 80-minute 5V voltage degradation I-V 
characteristics did not change much on the other hand after 10V degradation for 10 minutes, 
I-V curve has moved towards to the X-axis.  
 
Figure 3.4.12 Leg-5 Finger-3 Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
 Figure 3.4.13 shows that, following to last degradation (10V 10 minute voltage 
degradation) external quantum efficiency’s second peak value have fallen to 29% from 34%. 
As for first peak value, there is approximately 8% decrease between initial and post 
degradation values. Also after degradation EQE-λ curve has moved towards to right, which 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 4,993 560 0,492
After	5V	5min 5,952 560 0,485
After	5V	10min 5,933 540 0,487
After	5V	30min 5,807 540 0,474
After	5V	80min 5,699 540 0,459
After	10V	5min 5,654 520 0,470
After	10V	10min 5,572 520 0,422
Leg-5	finger-3	5V	and	10V	Time	Depended	Degredation
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
400 3,440 1,376 -
380 4,256 1,617 -
380 4,108 1,561 3,477
360 4,134 1,488 4,664
360 3,927 1,414 5,007
360 3,838 1,381 2,266
320 3,821 1,223 11,505
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means peak external efficiency values, occurred at long wavelengths compared to initial 
results. 
 
Figure 3.4.13 Leg-5 Finger-3 Time Depended Voltage Degradation EQE-λ curve (Via Origin pro) 
 As it is illustrated in Figure 3.4.14, Leg-5 Finger-2 is used for second OPV time 
depended voltage degradation. Firstly 10V is applied to cell for 10 minutes after that applied 
voltage has increased to 15V and it is performed for 40 minutes.  
 After degradation light intensity has changed between 100 mW/cm! and 1 mW/cm! to 
observe efficiency at different illuminations. Also impedance characteristics are observed 
before and after degradation study. 
 Efficiency has fallen to 0,928% after 15V voltage degradation for 40 minutes. Imp, Vmp 
and fill factor decreased steadily during degradation.  Also degradation at power output was 
steady. Biggest power degradation occurred after applying 10V for 2 minutes, which 
resulted with 28,9% degrease at maximum output power. As for second part of the test (15V 
application) there was approximately 6% decrease at maximum power output after 15V 30-
minute degradation. Also 43,6% power decrease is observed between initial and post-
degradation maximum power output values. 
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Figure 3.4.14 Leg-5 Finger-2 Time Depended Voltage Degradation 
 At Figure 3.4.15, it is observable that I-V curve shows flatting trend with voltage 
degradation; it goes upward around 0,5 V and goes downward after 0,7V due to distortion at 
internal diode characteristics. 
 Although total efficiency has dropped to 0,928% from 1,52%, changes in impedance 
values were limited. As it illustrated in Figure 3.4.16, after degradation, series resistance has 
decreased, therefore impedance curve approached to origin. On the other hand changes in 
parallel resistance was quite limited and almost no changes is observed in imaginary axis.   
 
Figure 3.4.15 Leg-5 Finger-2 Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 5,047 580 0,519
initial 5,792 560 0,496
After	10V	2min 5,767 520 0,391
After	10V	3min 5,826 520 0,381
After	10V	10min 5,686 490 0,380
After	15V	20min 3,687 480 0,378
After	15V	30min 5,522 480 0,364
After	15V	40min 5,519 470 0,357
50	mW/Cm2 3,344 400 0,326
30	mW/Cm2 2,236 340 0,307
10	mW/Cm2 1,746 300 0,297
1	mW/Cm2 0,822 180 0,278
8	min	Air 5,392 460 0,369
	6	min	O2	plasma 4,847 460 0,359
Leg-5	finger-2	10V	and	15V		Time	Depended	Degredation
100	mW/Cm2
After	Voltage	
Degredation
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
420 3,620 1,520 -
400 4,120 1,648 -
340 3,445 1,171 28,926
320 3,611 1,155 1,347
300 3,533 1,060 8,278
300 3,436 1,031 2,731
300 3,218 0,966 6,355
290 3,201 0,928 3,844
240 1,817 0,872
200 1,166 0,777
160 0,973 1,557
100 0,412 4,123
280 3,273 0,916 1,286
280 2,860 0,800 12,610
-
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Figure 3.4.16 Leg-5 Finger-2 time depended voltage degradation test impedance spectrometry results before 
degradation on the top and after degradation on the bottom. 
 Leg-3 Finger-5 is degraded for third time depended voltage degradation test. As it is 
illustrated in Figure 3.4.17 Firstly device is exposed to O2 plasma for 6 minutes and after 
that 18V is applied for 20 minutes. 
 After O2 plasma exposure all parameters decreased, efficiency has dropped to 1,841% 
from 2,791%, Fill factor has dropped 10% and open circuit voltage has dropped 20mV also 
a steady decrease is observed at Imp and short circuit currents. 
 It is also observed that very fast potential induced degradation occurred after O2 plasma 
exposure; Device has lost 99% of its maximum power generation capacity. Open circuit 
voltage has fallen to 40mV and Vmp has decreased 400mV, also fill factor is halved. 
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Figure 3.4.17 Leg-3 Finger-5 Time Depended Voltage Degradation after O2 Plasma appliaction 
 As it is shown at Figure 3.4.18 after 20-minute 18V degradation I-V curve became a 
straight line due to the internal distortion in the cell. 
 
Figure 3.4.18 Leg-3 Finger-5 O2 plasma and Time Depended Voltage Degradation I-V Curves (Via Origin 
pro) 
 During third time depended voltage degradation test external quantum efficiencies are 
measured before and after voltage degradation. External quantum efficiency characteristics 
are given at Figure 3.4.19. 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 9,092 580 0,529
6	min	02	plasma 6,840 560 0,481
	18V	20min 0,525 40 0,259
100	mW/Cm2
Leg-3	finger-5	18V	20min	Time	Depended	Degredation
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
420 6,645 2,791 -
380 4,846 1,841 34,025
20 0,272 0,005 99,705
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Figure 3.4.19 Leg-3 Finger-5 Time Depended Voltage Degradation EQE-λ curve (Via Origin pro) 
 
3.4.3 OPV TEMPERATURE, AIR AND 02 PLASMA DEGRADATION 
 For the comparison with potential induced degradation results also Temperature, Air and 
O2 plasma degradation results are observed. Leg-1 Finger-1 is used for 50℃ temperature 
degradation and also, for Air and O2 plasma degradation Leg-5 Finger-5 is used. 
 Figure 3.4.20 shows that after 50℃ 980-minute degradation, power loss is about 58% 
and subsequent to 1190 minutes of annealing; 9% more power loss occurred compared to 
previous measurement. 
 After compering post and initial values it is observed that there is noticeable increase at 
short circuit current and Imp. Also total efficiency has showed steady decrease during 
temperature degradation.  
Figure 3.4.20 Leg-1 Finger-1 50℃ temperature degradation 
 As it is illustrated at Figure 3.4.21 subsequent to first 50℃ temperature degradation for 
980 minutes, I-V curve has moved close to X-axis and after second degradation for 210 
minutes I-V cure became closer to X-axis for the voltage values greater than 0,6V. 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 8,834 600 0,533
	980	min	50°C 4,813 520 0,472
210min	50°C	 4,506 540 0,442
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
420 6,731 2,827 -
360 3,280 1,181 58,232
340 3,160 1,074 9,022
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Figure 3.4.21 Leg-1 Finger-1 1  50℃ temperature degradation I-V curves (Via Origin pro) 
 At Figure 3.4.22 first 50℃ annealing is indicated with red line while second annealing 
illustrated with green line. It is observed that after second heating for 210 minutes, external 
quantum efficiency slightly decreased compared to first annealing. 
 
Figure 3.4.22 Leg-1 Finger-1 50℃ temperature degradation EQE-λ curve (Via Origin pro) 
 Leg-3 Finger-4 is used for Air and O2 plasma degradation. Firstly device is exposed to 
air for 8 minutes and after that 6 minutes of O2 plasma degradation is made. As it is 
illustrated in Figure 3.4.23 there is slight decrease for all parameters. Subsequent to 8 
minutes air degradation 13,3% power loss is occurred. On the other hand following to 6 
minutes O2 plasma degradation, maximum output power has decreased 4,3%. 
 Subsequent to 8 minutes air degradation fill factor has decreased approximately 5%. 
Vmp has fallen roughly 5% and Imp decreased to 5,67, which means 10% less current 
generation. For all that, open circuit voltage has remained same. 
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After 6 minutes O2 plasma degradation short circuit current has fallen to 7,364 mA/cm!, 
open circuit voltage decreased 20mV, Imp has fallen to 5% and Vmp remained at same 
value with first annealing. Also efficiency has fallen to 2,170% from 2,268%. 
 
Figure 3.4.23 Leg-3 Finger-4 50℃ Air and Temperature Degradation 
As it is illustrated in Figure 3.4.24, illuminated I-V characteristics have approached to 
X-axis with O2 plasma and air degradations. Also from Figure 3.4.25 degradation at dark I-
V characteristics is observable. 
 
Figure 3.4.24 Leg-3 Finger-24 Air and O2 plasma degradation illuminated I-V characteristics (Via Origin Pro) 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 8,418 580 0,536
8	min	Air 7,636 580 0,512
	6	min	O2	plasma 7,364 560 0,526
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
420 6,227 2,615 -
400 5,671 2,268 13,264
400 5,425 2,170 4,343
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Figure 3.4.25 Leg-3 Finger-4 Air and O2 plasma degradation Dark I-V characteristics (Via Origin Pro) 
3.5   Perovskite Solar Cell Degradation Test 
 5 devices are produced for perovskite solar cell degradation study whereas first device 
was broken after manufacture and due to low efficiency 2nd device is excluded from 
degradation tests. 3rd and 4th devices are used for time depended and voltage depended 
degradation. In contradistinction to 3rd device, 4th device is encapsulated to observe 
external quantum efficiency characteristics outside the glow box. In addition to that, 4th 
device’s some fingers are annealed via heating plate.		
	 On the other hand 5th device is firstly exposed to air and O2 gas. Subsequently, potential 
induced degradation is made in order to observe PID characteristics after cell’s exposure to 
outside conditions such as air and oxygen. 
3.5.1   Perovskite Solar Cell Voltage Depended Test 
 Three voltage depended degradation test is made for perovskite solar cells. Apart from I-
V and dark I-V characteristics impedance and external quantum efficiency characteristics 
are also observed.  
 Firstly leg-3 finger-4 is degraded between 1,5V and 5,5V with 5-minute intervals. After 
3,5V 5 min degradation; short-circuit is made between anode and cathode for 30 minutes to 
observe capacitor’s charging effects over efficiency increase. Degradation study is continued 
after this discharge. 
 As it is illustrated at Figure 3.5.1, before degradation study, I-V characteristics at 
different light intensities are measured. As light intensity decrease, total efficiencies are 
considerably increased. 
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 Cell start to degrade after 3,5V 5 minute degradation and up to 3,5V voltage 
applications; total efficiency, fill factor (FF), open circuit voltage, Imp and Vmp have 
increased. On the other hand after cell discharge at 25th minute, all parameters are continued 
to increase until 5V 5-minute degradation. Most noticeable power loss was after 5,5V 
degradation for 5 minute. Leg-3 finger-4 has lost 98,4% of its output power compared to 
previous step. 
 On the other hand it is observed that, total power loss was 99,2% between initial and 
post degradation measurements. Total efficiency fell to 0,015% from 1,867. Vmp decreased 
more than three times and Imp decreased more than 5 times. In addition to that, decrease in 
short circuit current and open circuit voltage was 9,215 mA/cm! and 420mV respectively. 
 
Figure 3.5.1 Leg-3 Finger-4 Voltage Depended Degradation with 5-minute time interval 
 I-V characteristics are given at Figure 3.5.2. As it is observable from the Figure, diode 
characteristics did not change after voltage applications, which is less than 4V. Nevertheless, 
after 4,5V application, solar cell started to loose its diode feature and I-V curve became 
almost like a straight line. 
 During degradation study also impedance characteristics are observed. As it is illustrated 
at Figure 3.5.3, series resistance remained same whereas, parallel resistance has dramatically 
increased in terms of absolute value.  
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
50	mW/Cm2 5,740 580 0,332
30	mW/Cm2 3,899 560 0,330
10	mW/Cm2 3,193 540 0,336
1	mW/Cm2 1,524 440 0,271
After	manufacture 9,967 740 0,328
initial 9,486 640 0,308
After	1,5	V	5min 9,652 660 0,334
After	2V	5min 9,546 740 0,324
After	2,5V	5min 10,132 800 0,344
After	3V	5min 9,247 880 0,353
After	3,5V	5min 8,160 920 0,352
After	4V	5min						
(after	dischare) 6,362 560 0,326
After	4,5V	5min 5,104 900 0,374
After	5V	5min 2,913 840 0,383
After	5,5V	5min 0,271 220 0,253
İnitial
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
320 3,452 2,209
300 2,405 2,405
300 1,931 5,792
220 0,825 18,153
380 6,361 2,417 -
340 5,491 1,867 -
360 5,915 2,129 -14,047
380 6,018 2,287 -7,400
420 6,639 2,788 -21,933
460 6,238 2,869 -2,899
460 5,748 2,644 7,854
320 3,629 1,161 56,073
480 3,577 1,717 -47,826
480 1,952 0,937 45,433
100 0,151 0,015 98,392
-
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Figure 3.5.2 Leg-3 Finger-4 Voltage Depended Degradation I-V Curves (Via Origin pro) 
 
 
Figure 3.5.3 Leg-3 Finger-4 Voltage Depended Degradation Impedance Characteristics (Via Origin pro) 
 Leg-4 Finger-4 is used for second voltage depended degradation test. Device should be 
taken outside of the glow box to measure incident photon-to-current efficiency, therefore 4th 
device is encapsulated for the observation of External quantum efficiency characteristics. 
 Unlike previous tests, as it is observable from Figure 3.5.4, device did not discharged 
with anode cathode short-circuiting because degradation was steady and efficiency increase 
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did not occur. Total efficiency of the device has fallen to 0,069% at the end of the 
degradation test. 
 After 5,5V 5-minute degradation 93% power loss is observed and when it is compared to 
initial power output, total power loss was more than 99,9%. In other words device is totally 
degraded. Also short circuit current has degreased 13,581mA/cm! and Imp decreased 5,113-
mA/cm!. On the other hand, open circuit voltage and Vmp have decreased 60mV and 40mV 
respectively, when it is compared with current degradation, voltage degradation was quite 
limited. 
Figure 3.5.4 Leg-4 Finger-4 Voltage Depended Degradation 
 As it is observable from Figure 3.5.5, yellow line indicates post degradation I-V 
characteristics and it is almost parallel to the X-axis due to cell’s internal distortion.  
 
Figure 3.5.5 Leg-4 Finger-4 Voltage Depended Degradation I-V Curves (Via Origin pro) 
 Illuminated I-V characteristics are compared at Figure 3.5.6. As it is given in Figure 
3.5.7, after degradation dark I-V curves started to approach voltage axis just like in 
illuminated I-V curves. 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 14,495 660 0,345
initial 13,808 860 0,438
After	3V	15min 10,916 960 0,373
After	3,5V	15min 7,966 980 0,374
After	4V	5min	 5,851 980 0,392
After	4,5V	10min 2,835 960 0,360
After	5V	5min 1,261 940 0,377
After	5,5V	5min 0,227 800 0,381
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
340 9,699 3,298 -
500 10,405 5,203 -
480 8,134 3,904 24,953
520 5,608 2,916 25,311
520 4,324 2,249 22,894
500 1,957 0,979 56,479
520 0,860 0,447 54,316
460 0,150 0,069 92,930
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Figure 3.5.6 Leg-4 Finger-4 Voltage Depended Degradation Dark I-V Curves (Via Origin pro) 
 Figure 3.5.7 is about degradation at external quantum efficiency, before degradation 
study maximum external quantum efficiency was around 60% whereas after degradation 
maximum external quantum efficiency has dropped to 3,47%. 
 
Figure 3.5.7 Leg-4 Finger-4 Voltage Depended Degradation EQE-λ curve (Via Origin pro) 
 During third voltage depended degradation for perovskite solar cell (leg-5 finger-2), 
External quantum efficiency, dark I-V and impedance characteristics are measured.   
 As it is observable from Figure 3.5.8, before voltage degradation cell is exposed to air 
and gaseous oxygen, exposure duration was 10 minutes for both. Subsequently, cell is 
degraded with 2,5V, 3V and 3,5V with 2-minute voltage application intervals. 
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 Subsequent to gaseous oxygen and air degradation, 2,5V is applied to cell for 2 minutes 
and very fast degradation is observed. Total efficiency has dropped to 0,075%, cell lost 
86,5% of its maximum output power, open circuit voltage has dropped to 120mV and Vmp 
decreased 220mV.  
 When initial and post degradation data are compared it is observed that fill factor has 
decreased 38% and power losses were 99,8%. In addition to that open circuit voltage has 
dropped one thirty-fourth. 
Figure 3.5.8 Leg-5 Finger-2 Air, Oxygen gas and Voltage Depended Degradation 
 I-V curves from 3rd voltage depended degradation, which is done after air and gaseous 
oxygen degradation is observable from Figure 3.5.9. These I-V curves show different trend 
from other degradation studies since they became perpendicular to x-axis so quickly. 
 
Figure 3.5.9 Leg-5 Finger-2 Air, Oxygen gas and Voltage Depended Degradation I-V Curves (Via Origin pro) 
 As it is illustrated at Figure 3.5.9 after gaseous oxygen and air degradations I-V curve 
has moved towards to y-axis but cell’s diode characteristic is still visible from twisted 
graphic. Nevertheless, unlike other tests where I-V curves move towards to X-axis, 
subsequent to voltage degradation, I-V curve almost became parallel to y-axis at this test. 
 Figure 3.5.10 illustrates that, Dark I-V characteristics showed similar degradation trend 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
initial 10,898 680 0,327
10	min	Air 4,694 540 0,258
	10	min	O2	Gas 3,755 600 0,247
After	2,5V	2min 2,693 120 0,233
After	3V	2min 2,496 20 0,239
After	3,5V	2min 2,230 20 0,124
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
340 7,121 2,421 -
260 2,517 0,655 72,965
300 1,852 0,556 15,111
80 0,941 0,075 86,450
20 0,597 0,012 84,146
20 0,277 0,006 53,603
	
-69-	
with illuminated I- V characteristics, which is given at Figure 3.5.9.  After gaseous oxygen 
degradation device has approached to y-axis and after completing voltage degradation tests 
I-V curve became perpendicular to X-axis. 
 
Figure 3.5.10 Leg-5 Finger-2 Air, Oxygen gas and Voltage Depended Degradation (Via Origin pro) 
 As it is observable from Figure 3.5.11 degradation in external quantum efficiency was 
steady and result was similar to other degradation studies. After degradation peak points 
occurred at same wavelengths with different amplitudes. 
 
Figure 3.5.11 Leg-5 Finger-2 Voltage Depended Degradation EQE-λ curve (Via Origin pro) 
 Also degradation is observed at impedance characteristics. As it is given at Figure 
3.5.12-A, similar to I-V characteristics, gaseous oxygen and air degradation caused different 
PID parameters and after degradation parallel resistance decreased in terms of absolute 
values. This result is opposite to perovskite (leg-3 finger-4) voltage depended test which is 
illustrated at Figure 3.5.3. 
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 On the other hand, it is observable from Figure-3.5.12-B that after air and gaseous 
oxygen degradation impedance parameters decreased dramatically and after voltage 
application parallel resistance is increased in terms of absolute value whereas it did not 
exceed initial curve parameters and located in between. This result is similar to other 
degradation studies.  To sum up, perovskite leg-3 finger-4 device did not degraded with 
gaseous oxygen and air before voltage application therefore parallel resistance parameters 
have increased after PID test. Conversely, Perovskite leg-5 finger-2 is firstly degraded with 
gaseous oxygen and air and unlike PID this degradation caused parallel resistance to 
decrease. Subsequently, with voltage application parallel resistance has started to increase in 
terms of absolute values as it is expected. It is observed that air degradation cause parallel 
resistance to decrease and for PID it is vice versa.  
 
Figure 3.5.12 Leg-5 Finger-2 Voltage Depended Degradation Impedance Characteristics (Via Origin pro) 
A)Comparision of inital and post degradation curves, B) Comparison of Air degradation and Post degradation 
curves.  
3.5.2   Perovskite Solar Cell Time Depended Voltage Degradation Test 
 For perovskite solar cells three different time-depended voltage degradation test are 
given at this chapter. Along with illuminated and dark I-V characteristics, external quantum 
efficiency and impedance measurements are taken during degradation tests. 
 Encapsulated leg-4 finger-2 device is used for first perovskite solar cell time depended 
voltage degradation test. As it is observable from Figure 3.5.13, 5V is applied to cell for 20 
minutes and during this study dark and illuminated I-V characteristics, external quantum 
efficiency changes are observed. 
A	 B	
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 Most noticeable power loss was after 5V 5 minute degradation, cell lost 68,15% of its 
maximum output power. On the other hand, 96,88% power loss is observed after 
degradation test. There was a dramatic degradation at short circuit current and Imp, which 
was 12,681mA/cm! and 9,3 mA/cm! degradation respectively. Also fill factor has 
decreased to 0,365 from 0,377. 
 
Figure 3.5.13 Leg-4 Finger-2 Time Depended Voltage Degradation 
 At Figure 3.5.14 I-V characteristics of 5V degradation is given. It is observed that 
subsequent to time depended voltage degradation, illuminated I-V curves became parallel to 
x-axis. 
 As it is illustrated at Figure 3.5.15 after 5V degradation for 5 minutes, dark I-V curve 
became perpendicular to y-axis except from x-axis voltages between 0,9 and 1,2V. After 5V 
20-minute degradation curve became a straight line, which is parallel to x-axis. 
 It is observed that dark I-V characteristics and illuminated I-V characteristics coincide 
with each other. Owing to current generation under light, illuminated I-V curve occurs at 
different points than zero. 
 
Figure 3.5.14 Leg-4 Finger- Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 14,662 860 0,377
initial 13,143 820 0,427
After	5V	5min 3,779 980 0,395
After	5V	8min 2,651 960 0,383
After	5V	10min	 2,158 980 0,376
After	5V	15min 1,019 940 0,373
After	5V	20min 0,462 880 0,365
Leg-4	Finger-2	Time	Depended	Voltage	Degredation	(encapsuated)	
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
460 10,337 4,755 -
480 9,578 4,597 -
520 2,816 1,464 68,149
500 1,949 0,975 33,442
520 1,528 0,794 18,496
520 0,687 0,357 55,052
480 0,309 0,148 58,457
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Figure 3.5.15 Leg-4 Finger-2 Time Depended Voltage Degradation Dark I-V Curves (Via Origin pro) 
 As it is observable from Figure 3.5.16 external quantum efficiency has dramatically 
decreased after 5V 8-minute degradation and after 20-minute degradation EQE-λ curve 
became almost parallel to x-axis.  Before degradation maximum external quantum efficiency 
was 59,98% at 430nm wavelength and according to post degradation results after 5V voltage 
application for 20 minutes maximum EQE value has dropped to 3,69% at 380nm 
wavelength. 
 
Figure 3.5.16 Leg-4 Finger-2 Time Depended Voltage Degradation EQE-λ curve (Via Origin pro) 
 As it is indicated in Figure 3.5.17 leg-3 finger-1 is used for second time depended 
voltage degradation. 4,5V is applied for 40 minutes and most noticeable efficiency decrease 
was after 25V degradation since device lost 33,82% of its maximum output power. On the 
other hand as it is mentioned before at Chapter 3.3.2 “Manufacturing Perovskite Solar 
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Cells”, perovskite cells possess only capacitance to hold electrical charge in the circuit. 
Therefore charging capacitance would result with efficiency increase as it happened after 
4,5V application for 5 minutes. 
 After 4,5V degradation, total efficiency has fallen to 0,256% from 1,09% also short 
circuit current and Imp has decreased 6,701 mA/cm!, 3,63 mA/cm! respectively.  
 Unlike other parameters, open circuit voltage, Vmp and fill factor have increased 26%, 
47% and 69% respectively. 
 
Figure 3.5.17 Leg-3 Finger-1 Time Depended Voltage Degradation 
 During degradation I-V cures are changed as it is indicated in Figure 3.5.18. Similar to 
other degradation studies it is observed that after 4,5V 40-minute degradation device lost it’s 
diode characteristics and I-V curve became a straight line, which is almost perpendicular to 
y-axis. 
 
Figure 3.5.18 Leg-3 Finger-1 Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	Manufacture 8,370 600 0,298
initial 7,661 600 0,238
After	4,5V	5min 6,403 700 0,373
After	4,5V	10min 3,941 900 0,390
After	4,5V	15min 3,017 900 0,397
After	4,5V	20min 2,458 860 0,394
After	4,5V	25min 1,670 840 0,393
After	4,5V	30min 1,274 840 0,385
After	4,5V	35min 1,137 800 0,350
After	4,5V	40min 0,960 760 0,351
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
320 4,678 1,497 -
260 4,214 1,096 -
400 4,176 1,671 -76,556
500 2,768 1,384 17,160
500 2,155 1,077 22,142
500 1,665 0,832 22,747
500 1,102 0,551 33,823
500 0,824 0,412 25,177
460 0,692 0,318 22,733
440 0,583 0,256 19,490
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 It is observable from Figure 3.5.19 that, until 0,5V there is not any change between I-V 
curves it is because no current is obtained until this voltage.  
 Degradation was steady at the current values for the voltages up to 0,5V at x-axis. After 
4,5V degradation for 30 minutes almost no current is obtained and I-V curve became nearly 
like a Y=0 line.  
 
Figure 3.5.19 Leg-3 Finger-1 Time Depended Voltage Degradation Dark I-V Curves (Via Origin pro) 
 Figure 3.5.20 is about impedance characteristics of leg-3 finger-1. This device is heated 
for 720 minutes at 50℃ and as a result, impedance characteristics become different than 
other measurements. On the other hand, voltage degradation is still observable from 
impedance curves. As it is mentioned before at Figure 3.2.13 all components in equivalent 
circuit has different effect on impedance curve. In this case after voltage degradation, device 
lost its capacitive features and rapid increase occurred at parallel resistance.  
 
Figure 3.5.20 Leg-3 Finger-1 Time Depended Voltage Degradation Impedance Characteristics (Via Origin pro) 
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 Leg-5 Finger-5 is used for third time depended voltage degradation test. As it is 
observable from Figure 3.5.21 perovskite solar device is firstly degraded with air and 
oxygen gas for 10 minutes after that 4V is applied for 6 minutes. 
 Biggest energy loss was after 4V voltage application for 5 minutes, device lost its 
97,79% maximum output power. Total efficiency decreased approximately 200 times. Short 
circuit current fell from 11,484 mA/cm! to 3,445 mA/cm!. Also there were 7,110 mA/cm! 
decrease at Imp. Open circuit voltage and Vmp have decreased 760mV and 320mV 
respectively. 
 
Figure 3.5.21 Leg-5 Finger-5 Air , Gaseous Oxygen and Time Depended Voltage Degradation 
 I-V characteristics of third time depended voltage degradation test is given at Figure 
3.5.22. It is observed that air and gaseous oxygen exposure did not abolish diode 
characteristics of perovskite cell. After 4V application for 5 minutes I-V curve almost 
became perpendicular to X (voltage)-axis.  
 
Figure 3.5.22 Leg-5 Finger-5 Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
 Unlike illuminated I-V curves, dark I-V curves have approached to x-axis after air and 
oxygen degradations and I-V curve illustrated a diode characteristic until its exposure to the 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 11,480 800 0,288
initial 11,484 780 0,293
10	min	Air 7,384 620 0,249
	10	min	Gaseous	O2	 6,421 660 0,239
After	4V	2min 6,225 360 0,242
After	4V	5min 3,445 20 0,174
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
340 7,769 2,642 -
340 7,709 2,621 -
280 4,069 1,139 56,533
300 3,375 1,013 11,129
180 3,007 0,541 46,537
20 0,599 0,012 97,787
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voltage degradation. Similar to illuminated I-V curve, after degradation dark I-V curve 
became almost parallel to y(current)-axis.(see Figure 3.5.23) 
 
Figure 3.5.23 Leg-5 Finger-5 Time Depended Voltage Degradation Dark I-V Curves (Via Origin pro) 
 As it is illustrated at Figure 3.5.24, after exposure to oxygen gas for 10 minutes, external 
quantum efficiency at short wavelengths has increased whereas when it comes to long 
wavelengths EQE has started to decrease. On the other hand after 4V 5-minute voltage 
degradation external quantum efficiency has decreased at all wavelengths. 
 
Figure 3.5.24 Leg-5 Finger-5 Time Depended Voltage Degradation EQE-λ curve (Via Origin pro) 
 It is observable from Figure 3.5.25 that after exposing device to air and gaseous oxygen, 
impedance values has decreased; red curve indicates impedance values after 10-minute air 
exposure and green curve stands for impedance values after gaseous oxygen degradation. 
Subsequent to voltage degradation, an increase observed at parallel resistance compare to 
10-minute gaseous oxygen degradation. 
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Figure 3.5.25 Leg-5 Finger-5 Time Depended Voltage Degradation Impedance Characteristics (Via Origin pro) 
 
3.5.3 Perovskite Solar Cell Temperature and Air Degradation 
 Leg-4 Finger-1 is used for temperature degradation, as it is observable from Figure 
3.5.26 after 740 minutes 42℃ temperature degradation, device has lost 94,19% of its 
maximum output power, Short circuit current and Imp have decreased 7,888 mA/cm! and 
4,995 mA/cm! respectively. Open circuit voltage fell from 620mV to 400mV and Vmp has 
decreased approximately two times. 
 
Figure 3.5.26 Leg-4 Finger-1 42℃ Temperature Degradation 
 Temperature degradation I-V characteristics of Leg-4 Finger-1 are given at Figure 
3.5.27. After 42℃ temperature degradation, illuminated I-V curve has moved towards to 
positive y-axis direction and after 0,1V at x-axis, current remained zero for any voltage 
value. 
 As it is observable from Figure 3.5.28, dark I-V curves have showed similar degradation 
with illuminated I-V curves. After 42℃ temperature degradation dark I-V curve became just 
like Y=0 line in other words it become parallel to x-axis after degradation. 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	Manufacture 9,597 720 0,308
initial 9,621 620 0,210
740min	42°C 1,733 400 0,105
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
360 5,919 2,131 -
220 5,682 1,250 -
100 0,727 0,073 94,186
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Figure 3.5.27 Leg-4 Finger-1 42℃ Temperature Degradation I-V Curves (Via Origin pro) 
 
Figure 3.5.28 Leg-4 Finger-1 42℃ Temperature Degradation Dark I-V Curves (Via Origin pro) 
 Also external quantum efficiency characteristics are observed before and after 42℃ 
temperature degradation. As it is illustrated at Figure 3.5.29, before degradation maximum 
external quantum efficiency was 39,6% at 370nm wavelength whereas it dropped to 30,89% 
after degradation. 
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Figure 3.5.29 Leg-4 Finger-1 42℃ Temperature Degradation EQE-λ Curves (Via Origin pro) 
 As it is observable from Figure 3.5.30, Leg-5 Finger-1 is degraded with air for 10 
minutes. After air degradation maximum power output has decreased 56,62%, efficiency and 
fill factor have dropped to 1,96% from 2,525% and to 0,248 from 0,311 respectively. 
 Also considerable decrease observed at current and voltage values. After air exposure, 
short circuit current and open circuit voltage have decreased 1,110-mA/cm! and 620V 
respectively. Current and voltage at maximum power output have also decreased 11,053% 
and 88% respectively. 
 
Figure 3.5.30 Leg-5 Finger-1 Air Degradation 
 Illuminated I-V characteristics regarding to 10-minute air degradation is observable from 
Figure 3.5.31. Red line indicates post degradation curve which became y=x-6 line after 
degradation due to internal distortion. 
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
After	manufacture 10,468 720 0,357
initial 9,925 820 0,311
10	min	Air 6,134 720 0,248
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
380 7,083 2,692 -
380 6,652 2,528 -
340 3,225 1,096 56,626
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Figure 3.5.31 Leg-5 Finger-1 10-minute Air Degradation Illuminated I-V Curves (Via Origin pro) 
 As it is illustrated at Figure 3.5.32 dark I-V measurements are also observed and after 
degradation I-V curve has approached to x-axis. 
 Figure 3.5.33 is about changes at impedance characteristics before and after 10-minute 
air degradation. After degradation parallel resistance decreased in terms of absolute 
numbers, on the other hand no major change at series resistance is observed. 
 
 
Figure 3.5.32 Leg-5 Finger-1 10-minute Air Degradation Dark I-V Curves (Via Origin pro) 
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Figure 3.5.33 Leg-5 Finger-1 10-minute Air Degradation Impedance characteristics (Via Origin pro) 
3.6   DSSC Degradation Test  
 Five dye-sensitized solar cell are manufactured for degradation tests. Whereas three of 
them degraded so quickly under 2 to 3V voltage applications and proper measurements 
could not take. On the other hand, potential induced degradation study has made with 
remaining two devices. Voltage depended degradation, temperature depended degradation 
and time depended voltage degradation have made respectively for DSSCs. 
 As it is given at Figure 3.6.1 after 2V and 3V application for 5 seconds dye and 
electrolyte flowed out of the device and degradation study could not carried on. 
 
Figure 3.6.1 Frist manucatured DSSCs Before (on the left) and After(on the right) voltage degradation 
 Subsequently, three more devices are produced as it is illustrated at Figure 3.6.2. 1st and 
2nd devices are used for degradation study whereas 3rd device is also quickly degraded and 
reliable measurements could not obtain. 
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Figure 3.6.2 Second batch production of DSSCs for Potantial Induced Degradation Study 
3.6.1   DSSC Voltage Depended Degradation Test  
 As it is observable from Figure 3.6.3, device-1 firstly exposed to voltage degradation test 
between 0,8V and 2,2V with 5-minute time intervals. Before and after degradation intensity 
based I-V measurements are also taken in order to observe degradation effects at different 
light intensities. 
 Biggest power loss was after 1,4V voltage application for 5 minutes, device has lost 
21,145% of its maximum power output. After 5-minute 2,2V degradation, short circuit 
current, Imp and fill factor have dropped 68,356%, 78,032% and 55,625% respectively. 
Total efficiency has dropped to 0,848% from 5,223%. Although Vmp decreased 120mV, 
Voc is increased 100mV. 
 For intensity base study, biggest power loss is observed at 50mW/cm! with 83,16% 
decrease. It is also observed that as we decrease light intensities lower power degradation 
occurred. After degradation total efficiency at 50 mW/ cm!, 30 mW/ cm!, 10 mW/ cm! 
and 1 mW/ cm! have decreased, 83%,82%,80% and 76% respectively. 
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Figure 3.6.3 DSSC Device-1 voltage depended degradation with 5-minute time intervals. 
 As it is illustrated at Figure 3.6.4 after degradation illuminated I-V curves has 
approached to x-axis and became nearly perpendicular to y-axis. 
 
Figure 3.6.4 DSSC Device-1 Voltage Depended Degradation Illuminated I-V Curves (Via Origin pro) 
 Similar to illuminated post-degradation measurements, as shown in Figure 3.6.5 dark I-
Light	Intensity Experiment
Isc	
[mA/cm^2]
Voc	
[mV]	 FF	
50	mW/Cm2 8,305 620 0,689
30	mW/Cm2 6,263 600 0,663
10	mW/Cm2 4,828 600 0,666
1	mW/Cm2 1,817 560 0,732
initial 13,232 640 0,617
After	0,8V	5min 14,026 700 0,436
After	0,9V	5min 10,858 660 0,540
After	1V	5min 11,668 680 0,435
After	1,1V	5min 11,449 680 0,425
After	1,2V	5min 13,151 700 0,329
After	1,3V	5min 8,395 640 0,531
After	1,4V	5min 8,425 660 0,405
After	1,5V	5min 7,396 680 0,358
After	1,6V	5min 6,913 680 0,335
After	1,7V	5min 6,914 680 0,304
After	1,8V	5min 6,180 680 0,306
After	1,9V	5min 5,470 680 0,302
After	2V	5min 5,561 720 0,272
After	2,1V	5min 5,049 720 0,268
After	2,2V	5min 4,187 740 0,274
50	mW/Cm2 2,283 700 0,374
30	mW/Cm2 1,392 700 0,444
10	mW/Cm2 1,110 680 0,490
1	mW/Cm2 0,450 640 0,613
After	Voltage	
Depended	
Degradation
100	mW/Cm2
Device-1	Voltage	Depended	Degredation
initial
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
480 7,386 7,090
480 5,191 8,306
480 4,017 19,283
460 1,620 74,518
460 11,355 5,223 -
400 10,711 4,285 17,974
420 9,210 3,868 9,716
380 9,074 3,448 10,864
380 8,700 3,306 4,123
360 8,409 3,027 8,434
400 7,138 2,855 5,674
360 6,254 2,252 21,145
340 5,300 1,802 19,973
320 4,915 1,573 12,721
320 4,459 1,427 9,265
320 4,024 1,288 9,755
320 3,510 1,123 12,778
340 3,201 1,089 3,089
320 3,045 0,974 10,497
340 2,495 0,848 12,943
360 1,658 1,194 83,160
400 1,081 1,442 82,644
400 0,924 3,698 80,825
440 0,401 17,646 76,320
-
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V curves became parallel to x-axis for the voltages below Vmp. After exceeding Vmp 
steady decrease is observed and curve stated to approach x-axis.  
 
Figure 3.6.5 DSSC Device-1 Voltage Depended Degradation Dark I-V Curves (Via Origin pro) 
 Figure 3.6.6 is about degradation at external quantum efficiency parameters, as it is 
illustrated before at Figure 3.2.8 dye-sensitized solar cells have two peaks; one in shorter 
wavelengths and the other in longer wavelengths. First peak represents electrolyte 
characteristics while second one in long wavelengths represents diode’s quantum efficiency 
characteristics, therefore it is observed that after 1,8V application for 5 minutes, electrolyte 
characteristics has stopped contributing to external quantum efficiency and dramatic 
decrease occurred at diode based external quantum efficiency parameters.  
Figure 3.6.6 DSSC Device-1 Voltage Depended Degradation EQE-λ Curves (Via Origin pro) 
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 Previously at Figure 3.2.19, it is illustrated that there were three semi-circles at dye 
sensitized solar cell impedance curve, from left to right: charge carriage impedance (Z !!), 
diffusion and recombination impedance (Z!"), and finite-length Warburg impedance (Z !!). 
In our measurements only first two semi-circles are observed due to scanning range. Also 
from Figure 3.6.7 it is observed that after degradation charge carriage impedance has 
increased and recombination impedance has disappeared.  
 
 
Figure 3.6.7 DSSC Device-1 Voltage Depended Degradation Impedance Curves (Via Origin pro) 
 In addition to other measurements, parallel capacitance-voltage measurements are also 
obtained for dye-sensitized solar cells. As it is illustrated at Figure 3.6.8 after voltage 
degradation steady decrease at parallel capacitance is observed. 
 
Figure 3.6.8 DSSC Device-1 Voltage Depended Degradation Capacitance-Voltage Curves (Via Origin pro) 
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3.6.2 DSCC Temperature Degradation 
 Device-1 is firstly annealed with 42℃ for 1000 minutes and then, annealed with 55℃ for 
600 minutes. As it is given at Figure 3.6.9, after annealing at 42℃, efficiency has increased 
to 0,965% from 0,848%. Biggest power gain is observed at 30mW/cm𝟐 light intensity with 
17% increase at maximum output power. Apart from open circuit voltage, all other 
parameters have increased after 42℃ annealing for 1000 minutes. 
 
Figure 3.6.9 DSSC Device-1 42℃ annealing for 1000 minutes 
 It is observed from Figure 3.6.10 that illuminated I-V curves has slightly moved towards 
to x-axis because Imp has increased and Vmp has decreased after 42℃ annealing. 
 
Figure 3.6.10 DSSC Device-1 42℃ 1000-minute annealing, intensity based I-V Curves (Via Origin pro) 
 As it is shown in Figure 3.6.11 after 42℃ degradation curve became closer to y-axis 
between x=0,6V and x=0,8V.  
Light	Intensity Experiment Isc	
[mA/cm^2]
Voc	
[mV]	
FF	
50	mW/Cm2 2,283 700 0,374
30	mW/Cm2 1,392 700 0,444
10	mW/Cm2 1,110 680 0,490
1	mW/Cm2 0,450 640 0,613
initial 4,187 740 0,274
1000min	42°C	 4,318 680 0,329
50	mW/Cm2 2,546 660 0,400
30	mW/Cm2 1,678 640 0,472
10	mW/Cm2 1,276 640 0,498
1	mW/Cm2 0,541 600 0,590
initial
100	mW/Cm2
After	1000min	42°C		
Degradation
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
360 1,658 1,194
400 1,081 1,442
400 0,924 3,698
440 0,401 17,646
340 2,495 0,848 -
320 3,015 0,965 -13,759
360 1,869 1,345 -12,681
380 1,333 1,688 -17,099
400 1,017 4,069 -10,039
440 0,435 19,142 -8,476
-
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Figure 3.6.11 DSSC Device-1 42℃ 1000-minute annealing, dark I-V Curves (Via Origin pro) 
 Figure 3.6.12 shows EQE-λ Curves before and after 42℃ 1000-minute annealing, 
similar to total efficiency increase at Figure 3.6.9, after annealing external quantum 
efficiency is also increased. 
 
Figure 3.6.12 DSSC Device-1 42℃ 1000-minute annealing, EQE-λ Curves (Via Origin pro) 
 It is observable from Figure 3.6.13 that after 42℃ 1000-minute annealing charge 
carriage impedance has increased in terms of absolute values, on the other hand 
recombination impedance did not appear.  
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Figure 3.6.13 DSSC Device-1 42℃ 1000-minute annealing, Impedance Curves (Via Origin pro) 
 Figure 3.6.14 shows that after 42℃ 1000-minute annealing; slight decrease occurred at 
first peak for parallel capacitance values whereas, second peak has increased. 
 
Figure 3.6.14 DSSC Device-1 42℃ 1000-minute annealing, Capacitance Curves (Via Origin pro) 
 Subsequent to 42℃ annealing, Device -1 is annealed with 55℃ for 600 minutes, as it is 
observable from Figure 3.6.15, after second annealing total efficiency has decreased to 
0,708% from 0,965% which caused 26,64% decrease at maximum output power. Open 
circuit voltage, short circuit current and Imp have decreased 40mV, 1,424 mA/cm! , 0,933 
mA/cm! respectively. On the other hand, Vmp has increased 20 mV and fill factor increased 
to 0,382 from 0,329. 
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Figure 3.6.15 DSSC Device-1 55℃ annealing for 600 minutes 
 Figure 3.6.16 illustrates I-V curves at different light intensities, after 55℃ annealing all 
I-V curves have started to approach y=0 line. 
 
Figure 3.6.16 DSSC Device-1 55℃ 600-minute annealing, intensity based I-V Curves (Via Origin pro) 
 As it is shown in Figure 3.6.17 before and after 55℃ annealing there were not significant 
changes at dark I-V characteristics. 
Light	Intensity Experiment Isc	
[mA/cm^2]
Voc	
[mV]	
FF	
50	mW/Cm2 2,546 660 0,400
30	mW/Cm2 1,678 640 0,472
10	mW/Cm2 1,276 640 0,498
1	mW/Cm2 0,541 600 0,590
initial 4,318 680 0,329
600min	55°C	 2,894 640 0,382
50	mW/Cm2 1,700 640 0,429
30	mW/Cm2 0,958 620 0,503
10	mW/Cm2 0,783 600 0,537
1	mW/Cm2 0,354 580 0,602
initial
After	600min	55°C	
Degradation
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
360 1,869 1,345
380 1,333 1,688
400 1,017 4,069
440 0,435 19,142
320 3,015 0,965 -
340 2,082 0,708 26,642
360 1,297 0,934 30,615
400 0,748 0,997 40,959
400 0,631 2,524 37,958
440 0,280 12,336 35,555
-
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Figure 3.6.17 DSSC Device-1 55℃ 600-minute annealing, Dark I-V Curves (Via Origin pro) 
 It is observable from Figure 3.6.18 that after 55℃ annealing for 600 min EQE-Lambda 
curve occurred between 490nm and 590nm wavelengths, whereas before degradation curve 
has covered wider wavelengths and occurred in between 380nm and 610nm wavelengths. 
Changes at EQE curve was due to diode characteristics and electrolyte based external 
quantum efficiency parameters was not visible. 
 
Figure 3.6.18 DSSC Device-1 55℃ 1000-minute annealing, EQE-λ Curves (Via Origin pro) 
 Figure 3.6.19 is about impedance characteristics of dye-sensitized solar cell before and 
after 55℃ annealing. It is observable that charge carriage impedance has decreased 
dramatically in terms of absolute values. On the other hand recombination impedance started 
to be visible, yet, measurement is taken between -1,5V and 1,5V scan range and this range 
was not wide enough to observe second semi-circle. 
	
-91-	
 
Figure 3.6.19 DSSC Device-1 55℃ 600-minute annealing, Impedance Curves (Via Origin pro) 
 As it is observable from Figure 3.6.20, compared to initial curve, after 55℃ annealing 
there was not much difference at parallel capacitance-voltage curve. 
 
Figure 3.6.20 DSSC Device-1 55℃ 600-minute annealing, Parallel-Capacitance-voltage Curves (Via Origin 
pro) 
3.6.3 DSSC Time Depended Voltage Degradation Test  
 Subsequent to 55℃ and 42℃ annealing, device-1 is exposed to time depended voltage 
degradation. As shown in Figure 3.6.21, Time depended voltage degradation test is applied 
in two parts. Firstly device is degraded with 1,2V for 60 minutes and then 2,5V is applied 
for another 20 minutes. Illuminated I-V curves are observed at different light intensities in 
addition to that, dark I-V curves, impedance, EQE and parallel capacitance-voltage curves 
are observed during time depended voltage degradation study. 
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 During 1,2V degradation, biggest maximum power output loss was after 10-minute 
degradation, device has lost approximately 20% of its output power. Also 47,61% power 
loss is observed after 2,5V application for 15 minutes. Efficiency has dropped to 0,086%, 
Imp has decreased 10 times and short circuit current has increased 2,548 mA/cm!. On the 
other hand noticeable change could not observed at open circuit voltage, fill factor and Vmp.  
 
Figure 3.6.21 DSSC Device-1 Time Depended Voltage Degradation 
 Illuminated I-V curves are given at Figure 3.6.22, it is observed that subsequent to 5-
minute 1,2V degradation current did not generated until 0,3V. Also as device is degraded, I-
V curve has started to approach y=0 line and after 2,5V application for 20-minute curve 
became almost like a straight line.  
Light	Intensity Experiment Isc	
[mA/cm^2]
Voc	
[mV]	
FF	
50	mW/Cm2 1,700 640 0,429
30	mW/Cm2 0,958 620 0,503
10	mW/Cm2 0,783 600 0,537
1	mW/Cm2 0,354 580 0,602
initial 2,894 640 0,382
After	1,2V	5min 4,569 680 0,223
After	1,2V	10min 3,877 700 0,205
After	1,2V	15min 3,553 700 0,206
After	1,2V	30min 3,106 680 0,217
After	1,2V	60min 3,009 680 0,208
After	2,5V	5min 1,879 680 0,241
After	2,5V	10min 1,328 660 0,300
After	2,5V	15min 0,431 660 0,485
After	2,5V	20min 0,346 640 0,390
50	mW/Cm2 0,125 600 0,434
30	mW/Cm2 0,082 560 0,438
10	mW/Cm2 0,061 520 0,429
1	mW/Cm2 0,020 380 0,403
initial
After	Voltage	
Depended	
Degradation
100	mW/Cm2
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
360 1,297 0,934
400 0,748 0,997
400 0,631 2,524
440 0,280 12,336
340 2,082 0,708 -
280 2,478 0,694 1,965
300 1,852 0,555 19,949
280 1,830 0,512 7,753
300 1,525 0,457 10,729
300 1,420 0,426 6,879
300 1,027 0,308 27,635
320 0,823 0,263 14,611
400 0,345 0,138 47,610
400 0,216 0,086 37,330
380 0,086 0,065 93,030
360 0,056 0,067 93,255
320 0,042 0,136 94,613
220 0,014 0,303 97,545
-
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Figure 3.6.22 DSSC Device-1 Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
 As shown at Figure 3.6.23 after degradation dark-IV curves have started to approach x-
axis and after comparing initial and 20-minute 2.5V degradation results it is observed that 
device possessed considerable degradation because of time depended voltage degradation. 
 
Figure 3.6.23 DSSC Device-1 Time Depended Voltage Degradation Dark I-V Curves (Via Origin pro) 
 Figure 3.6.24 shows changes at external quantum efficiencies after time depended 
voltage degradation. EQE Measurements are taken up to 1,2V 60-minute degradation 
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because after completing 1,2V degradation, quantum efficiency has dropped to 
approximately 1% and that parentage were too small for decent EQE measurement. 
 
Figure 3.6.24 DSSC Device-1 Time Depended Voltage Degradation EQE-λ Curves (Via Origin pro) 
 As it is observable from Figure 3.6.25, after time depended Voltage degradation charge 
carriage impedance has considerably increased in terms of absolute values and that 
corresponds to internal distortion of device. Impedance characteristics are also comparable 
with parallel capacitance characteristics, which are given at Figure 3.6.26. It is observable 
that parallel capacitance-voltage curves showed steady decrease during time depended 
voltage degradation test. 
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Figure 3.6.25 DSSC Device-1 Time Depended Voltage Degradation Impedance Curves Curves (Via Origin 
pro) 
 
Figure 3.6.26 DSSC Device-1 Time Depended Voltage Degradation Parallel Capaitance-Voltage Curves (Via 
Origin pro) 
 Voltage application is also cause physical degradation at DSSC Device-1, as it is given 
in Figure 3.6.27, after 2,2V 5-minute voltage depended test, single hole occurred in the 
electrolyte. In addition to that after 2,5V 5-minute time depended degradation electrolyte 
holes are multiplied.  
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Figure 3.6.27 DSSC Device-1  Physical Distortion during Voltage degradation; after 2,2V 5minute 
degradation on the left,  after 2,5V 5-minute degradation on the right. 
 2nd dye-sensitized solar device is used for another time depended voltage degradation 
test. As it is illustrated in Figure 3.6.28, device had very fast degradation under 2V and cell 
has lost 99,8% of its maximum output power. After Time depended voltage degradation, 
device is exposed to 0℃ temperature for 600 minutes, subsequent to refrigeration total 
efficiency has increased to 0,102% from 0,005%. In addition to that considerable increase is 
observed at all parameters especially Imp has increased almost 6 times. During degradation 
study, I-V curves at different light intensities, impedance, parallel capacitance-voltage and 
EQE parameters are observed. 
 
Figure 3.6.28 DSSC Device-2 0℃ Temperature and Time Depended Voltage Degradation 
 As it is shown in Figure 3.6.29 after 2V degradation for 1 minute, illuminated I-V curve 
has approached to y=0 line.  
 Figure 3.6.30 illustrates that similar to 100 mW/cm! light intensity measurements also 
Light	Intensity Experiment Isc	
[mA/cm^2]
Voc	
[mV]	
FF	
50	mW/Cm2 5,205 660 0,659
30	mW/Cm2 3,269 640 0,679
10	mW/Cm2 2,751 640 0,678
1	mW/Cm2 1,308 600 0,679
initial 8,390 680 0,618
After	2V	1min 0,103 340 0,130
600min	0°C 0,423 640 0,375
50	mW/Cm2 0,238 640 0,395
30	mW/Cm2 0,169 620 0,421
10	mW/Cm2 0,120 600 0,442
1	mW/Cm2 0,063 580 0,460
initial
100	mW/Cm2
After	Time	
Depended		Voltage	
and	Cold	
Degradation
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
520 4,351 4,525
520 2,731 4,735
520 2,295 11,932
500 1,065 53,268
500 7,054 3,527 -
120 0,038 0,005 99,870
400 0,254 0,102 -2120,130
420 0,143 0,120 97,338
420 0,105 0,147 96,896
420 0,076 0,319 97,328
400 0,042 1,692 96,824
-
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other I-V characteristics at different illuminations are approached to y=0 line after voltage 
degradation. On the other hand, it is also observed that subsequent to 0℃ refrigeration I-V 
curves became parallel to x-axis. 
 
Figure 3.6.29 Device-2 0℃ Temperature & Time Depended Voltage Degradation I-V Curves (Via Origin pro) 
 
Figure 3.6.30 DSSC Device-2 0℃ Temperature and Time Depended Voltage Degradation  Curves at different 
light intensities (Via Origin pro) 
 
 Dark I-V curves are given at Figure 3.6.31 before and after degradation. After voltage 
degradation almost no current is generated from solar device but subsequent to refrigeration, 
dark I-V curve has slightly moved upward. 
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 External quantum efficiency characteristics are given at Figure 3.6.32, as it is observable 
from the Figure, after voltage degradation quantum efficiency has decreased dramatically, 
on the other hand owing to refrigeration EQE has increased up to 2.5% 
 
Figure 3.6.31 Device-2 0℃ Temperature &Time Depended Voltage Degradation Dark IV Curves(Via 
Originpro) 
 
Figure 3.6.32 Device-2 0℃ Temperature & Time Depended Voltage Degradation EQE-λ Curves (Via 
Originpro) 
 
 Similar to I-V and quantum efficiency curves, impedance parameters are also prove that 
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refrigeration contributes overall device performance. From Figure 3.6.33, it is observed that 
after voltage degradation charge carriage impedance has increased greatly in terms of 
absolute values. Whereas after 600 minutes 0℃ refrigeration, impedance curve has 
approached to it’s initial values. 
  On the other hand, as it is illustrated in Figure 3.6.34, parallel capacitance did not 
change much after refrigeration. 
 
Figure 3.6.33 DSSC Device-2 0℃ Temperature & Time Depended Voltage Degradation Impedance Curves 
(Via Origin pro) 
 
Figure 3.6.34 DSSC Device-2 0℃ Temperature & Time Depended Voltage Degradation Parallel Capacitance-
Voltage Curves (Via Origin pro)  
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4.   RESULTS AND 
COMPARISON 
 As it is illustrated in Figure 4.1, oxygen plasma and gaseous oxygen has limited 
degradation effect for organic and perovskite solar cells. On the other had, air exposure 
cause considerable maximum output power degradation for both OPV and perovskite solar 
cells. 
Figure 4.1 OPV and Perovskite Technologies, Air, Oxygen and O2 Plasma Comparison 
 Figure 4.2 shows comparison between solar technologies in terms of voltage depended, 
temperature depended and time depended voltage degradation. 
 It is observed that organic photovoltaic cells possess high voltage durability compared to 
other technologies and Dye-sensitized solar cells perform better at medium temperatures 
around 45-55 ℃. 
Figure 4.2 Brief Comparison of Different Technologies and Degradation Studies 
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DEVICE Experiment Isc	
[mA/cm^2]
Voc	
[mV]	
FF	
initial 8,418 580 0,536
8	min	Air 7,636 580 0,512
	6	min	O2	plasma 7,364 560 0,526
initial 11,484 780 0,293
10	min	Air 7,384 620 0,249
	10	min	Gaseous	O2	 6,421 660 0,239
Leg-3	Finger-4
Leg-5	Finger-5
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V
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	
(%)
420 6,227 2,615 -
400 5,671 2,268 13,264
400 5,425 2,170 4,343
340 7,709 2,621 -
280 4,069 1,139 56,533
300 3,375 1,013 11,129
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DEVICE Degradation Experiment Isc	
[mA/cm2]
Voc	
[mV]	
FF	
MPowerout
put	
[mW/cm^2]	
Vmp	
[mV]		
Imp	
[mA/cm^2]		
Efficiency	
[%]	
Power	
Losses	(%)
initial 4,813 520 0,471 1,18 360 3,28 1,18 -
After	25V	10min 0,836 540 0,245 0,111 300 0,37 0,111 90,600
initial 4,993 560 0,492 1,376 400 3,440 1,376 -
After	10V	10min 5,572 520 0,422 1,223 320 3,821 1,223 11,140
initial 8,834 600 0,533 2,827 420 6,731 2,827 -
210min	50°C	 4,506 540 0,442 1,074 340 3,160 1,074 62,000
initial 13,808 860 0,438 5,2025 500 10,405 5,2025 -
After	5,5V	5min 0,22716 800 0,3807 0,0691 460 0,1504 0,06918 98,670
initial 6,979 680 0,290 1,376 320 4,299 1,376 -
After	4,5V	40min 0,960 760 0,351 0,256 440 0,583 0,256 81,364
initial 9,621 620 0,210 1,250 220 5,682 1,250 -
740min	42°C 1,733 400 0,105 0,073 100 0,727 0,073 94,186
initial 13,23245 640 0,6168 5,223441 460 11,3553 5,223441 -
After	2,2V	5min 4,18726 740 0,2737 0,84815 340 2,49456 0,848153 83,763
initial 2,894 640 0,382 0,708 340 2,082 0,708 -
After	2,5V	20min 0,346 640 0,390 0,086 400 0,216 0,086 87,791
initial 4,318 680 0,329 0,965 320 3,015 0,965 -
600min	55°C	 2,894 640 0,382 0,708 340 2,082 0,708 26,642
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4.1 I-V Comparisons 
 Figure 4.3 illustrates illuminated I-V curve comparison between different technologies 
under voltage depended degradation test. It is observed that perovskite solar cell has showed 
smoother degradation whereas after voltage depended degradation dramatic decrease 
occurred at DSSC’s and OPV’s I-V characteristics.   
 As it is observed from Figure 4.4, dark I-V characteristics are compatible with 
illuminated I-V characteristics and from this Figure it is also observed that voltage depended 
degradation at perovskite solar cell was smoother than other technologies. 
 
Figure 4.3 Voltage Depended Degradation, Comparison Of Illuminated I-V curves (Via Origin pro) 
 
Figure 4.4 Voltage Depended Degradation, Comparison Of Dark I-V curves (Via Origin pro) 
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 Time depended voltage degradation effects to I-V characteristics are illustrated at Figure 
4.5. It is observed that voltages up to 10V could not degrade organic solar cells, on the other 
hand, perovskite solar cells can be degraded at around 4V and properly manufactured DSSC 
can’t stand more than 5V. 
Figure 4.5 Time Depended Voltage Degradation, Comparison Of Illuminated I-V curves (Via Origin pro) 
 It is observable from Figure 4.6 that DSSC has high durability for median temperatures 
such as 50-55℃. Conversely, perovskite solar cells and OPVs are considerablely degraded 
under 42℃ and 50℃ respectively. 
Figure 4.6 Time Depended Voltage Degradation, Comparison Of Illuminated I-V curves (Via Origin pro) 
4.2 External Quantum Efficiency Comparisons 
 As it is shown in Figure 4.7, for perovskite solar cell and DSSC, after voltage depended 
degradation external quantum efficiency has dramatically decreased. Despite that, organic 
solar cell technology has showed good resistance to 25V voltage application and only slight 
quantum efficiency degradation is observed. 
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Figure 4.7 Voltage Depened Degradation, Comparison Of EQE-λ curves (Via Origin pro) 
 Figure 4.8 illustrates changes at external quantum efficiency after time depended voltage 
degradation. Results were similar to voltage depended degradation test and although OPV is 
exposed to higher voltage it showed best performance at time depended voltage degradation 
test.  
 
Figure 4.8 Time Depened Voltage Degradation, Comparison Of EQE-λ curves (Via Origin pro) 
 Figure 4.9 is about external quantum efficiency degradation in respect to the device 
annealing. It is observed that compared to other two technology, perovskite solar cell is the 
most sensitive cell for temperature degradation. All devices are degraded slightly after 
annealing but it is the fact that, perovskite solar cell degraded more than others. 
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Figure 4.9 Temperature Depened Degradation, Comparison Of EQE-λ curves (Via Origin pro) 
4.3 Electrochemical Impedance Spectroscopy 
Comparisons 
 As it is given in Figure 4.10 and Figure 4.11 after 19V application for 10 minutes ; 
OPV’s and DSSC’s impedance characteristics are slightly changed. On the other hand 
perovskite solar cell’s impedance curve showed considerable increase after voltage 
depended degradation. 
 
 
 
 
 
Figure 4.10 OPV Leg-3 Finger-1 10V to 19V Voltage Depended Degradation for 75-minute, Impedance 
Spectrometry Results Before Degradation On The Left And After Degradation On The Right.  
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Figure 4.11 Voltage Depended Degradation Comparison, Impedance Spectrometry Results 
 As it is observable from Figure 4.12 there was not noticeable degradation at Organic 
solar cell’s impedance values (see also Figure 3.4.16). 
Figure 4.12 OPV Leg-5 Finger-2 15V 40-minute Time Depended Voltage Degradation, İmpedance 
Spectrometry Results 
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 It is shown in from Figure 4.13 that, perovskite solar cell showed similar degradation 
with organic solar cell (see Figure 4.12); both of them are slightly changed in terms of 
impedance characteristics. On the other hand, after time depended voltage degradation, 
considerable increase occurred at impedance characteristics of DSSC.  
 
Figure 4.13 Time Depended Voltage Degradation Comparison, Impedance Spectrometry Results 
4.4 Capacitance Comparisons 
 Figure 4.14 illustrates that DSSC possessed steady parallel capacitance degradation 
throughout entire degradation study.  
 Biggest parallel capacitance degrease occurred after voltage depended test where from 
0,8 to 2.2V voltage applied to cell with 5-minute time intervals. Also very slight increase 
occurred after 55℃ annealing for 600 minutes. This slight increase was the only increase 
that is observed during degradation study.  
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Figure 4.14 DSSC Capacitance Change; After Voltage Depended Degradation (Red), Temperature Depended 
Degradation (Green & Blue) and Time depended Voltage Degradation (Turquoise & Pink) 
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5. Conclusion  
 Organic solar cells, perovskite solar cells and dye-sensitized solar cells are 
manufactured in laboratory to be used at potential induced degradation study. Voltage 
depended tests and time depended voltage degradation tests are done within PID research for 
different solar technologies. In addition to that, cells are also exposed to gaseous oxygen, 
oxygen plasma, air, annealing and refrigeration in order to compare these degradations with 
PID results. After comparison it is understood that; annealing, air, gaseous oxygen and 
plasma oxygen degradations have similar effects with voltage degradation. 
 It is observed that dye-sensitized solar cells have limited durability to voltage 
applications and decent manufacturing is key factor for DSSC’s maximum voltage 
durability. All DSSCs are fabricated with same techniques. Whereas some cells lost their 
chemical features under very small voltages due to possible air existence in their electrolyte 
that cause shortcut when external voltage is applied. Regardless of manufacturing failure it 
is observed that this cells show chemical (dye and electrolyte) distortions over 3V.  
 Although OPV and perovskite solar cells illustrate similar degradation characteristics, 
organic solar cells are very voltage-durable cells compared to other technologies. Over 30V 
voltage is applicable to OPVs, on the other hand perovskite solar cells quickly degrade over 
4,5V voltage applications. 
 For all technologies, after voltage degradation quantum efficiency-lambda curve has 
moved to x-axis. In other words, after degradation smaller EQE is observed at almost same 
wavelengths. Moreover, impedance parameters are considerably increased after degradation 
because after chemical distortion cell act more like a resistance and parallel resistance value 
is dramatically increased.  
 Parallel capacitance-voltage curves are observed during DSSC degradation. Subsequent 
to voltage degradation parallel capacitance decreased. After taking equivalent circuits into 
consideration, it is revealed that decreasing parallel capacitance and increasing impedance 
point out very big increase at parallel resistance. 
 Although over 40 to 45℃ annealing cause degradation, it is understood that 0℃ 
refrigeration has positive effect for solar device’s diode characteristics.  One of the DSSC is 
refrigerated with 0℃ for 600 minutes and slight increase occurred at external quantum 
efficiency, total efficiency and maximum power output after applying 0℃. 
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 As a result, it is observed that, under small voltage applications all devices are charging 
in certain amounts owing to capacitive features and in result it cause total efficiency to 
increase. Whereas this increase is temporary and efficiency start to decrease without any 
other external degradation after cell discharging via anode cathode short-circuiting. On the 
other hand for OPV, perovsikte and dye-sensitized solar cell no charging effect is observed 
over 8V, 4,5V and 5V voltage applications respectively. 
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